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Summary 
Solar photovoltaic modules provide clean electricity from sunlight but will not be able to 
compete on an open market until the cost of the electricity they produce is comparable to that 
produced by traditional methods.  At present, modules based on crystalline silicon wafer solar 
cells account for nearly 90% of photovoltaic production capacity.  However, it is anticipated 
that the ultimate cost reduction achievable for crystalline silicon solar cell production will be 
somewhat limited and that thin film solar cells may offer a cheaper alternative in the long 
term.  The highest energy conversion efficiencies reported for thin film solar cells have been 
for devices based around chalcopyrite Cu(In, Ga)(Se, S)2 photovoltaic absorbers. 
The most efficient Cu(In, Ga)(Se, S)2 solar cells contain absorber layers deposited by vacuum 
co-evaporation of the elements.  However, the cost of ownership of large area vacuum 
evaporation technology is high and may be a limiting factor in the cost reductions achievable 
for Cu(In, Ga)(Se, S)2 based solar cells.  Therefore, many alternative deposition methods are 
under investigation.  Despite almost thirty companies being in the process of commercialising 
these technologies there is no consensus as to which deposition method will lead to the most 
cost effective product. 
Non-vacuum deposition techniques involving powders and chemical solutions potentially 
offer significant reductions in the cost of Cu(In, Ga)(Se, S)2 absorber layer deposition as 
compared to their vacuum counterparts.  A wide range of such approaches has been 
investigated for thirty years and the gap between the world record Cu(In, Ga)(Se, S)2 solar 
cell and the best devices containing non-vacuum deposited absorber layers has closed 
significantly in recent years.  Nevertheless, no one technique has demonstrated its superiority 
and the best results are still achieved with some of the most complex approaches. 
The work presented here involved the development and investigation of a new process for 
performing one of the stages of non-vacuum deposition of Cu(In, Ga)(Se, S)2 absorber layers.  
The new process incorporates copper into an initial Group III-VI precursor layer, e.g. indium 
gallium selenide, through an ion exchange reaction performed in solution.  The ion exchange 
reaction requires only very simple, low-cost equipment and proceeds at temperatures over 
1000°C lower than required for the evaporation of Cu under vacuum. 
In the new process, indium (gallium) selenide initial precursor layers are immersed in 
solutions containing Cu ions.  During immersion an exchange reaction occurs and Cu ions 
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from the solution exchange places with Group III ions in the layer.  This leads to the 
formation of an intimately bonded, laterally homogeneous copper selenide – indium (gallium) 
selenide modified precursor layer with the same morphology as the initial precursor. 
These modified precursor layers were converted to single phase chalcopyrite CuInSe2 and 
Cu(In, Ga)Se2 by annealing with Se in a tube furnace system.  Investigation of the annealing 
treatment revealed that a series of phase transformations, beginning at low temperature, lead 
to chalcopyrite formation.  Control of the timing of the Se supply was demonstrated to 
prevent reactions that were deemed detrimental to the morphology of the resulting 
chalcopyrite layers.  When vacuum evaporated indium (gallium) selenide layers were used as 
initial precursors, solar cells produced from the absorber layers exhibited energy conversion 
efficiencies of up to 4%.  While these results are considered promising, the devices were 
characterised by very low open circuit voltages and parallel resistances. 
Rapid thermal processing was applied to the modified precursor layers in an attempt to 
further improve their conversion into chalcopyrite material.  Despite only a small number of 
solar cells being fabricated using rapid thermal processing, improvements in open circuit 
voltage of close to 150mV were achieved.  However, due to increases in series resistance and 
reductions in current collection only small increases in solar cell efficiency were recorded.  
Rapid thermal processing was also used to demonstrate synthesis of single phase CuInS2 
from modified precursor layers based on non-vacuum deposited indium sulphide. 
Non-vacuum deposition methods provide many opportunities for the incorporation of 
undesirable impurities into the deposited layers.  Analysis of the precursor layers developed 
during this work revealed that alkali atoms from the complexant used in the ion exchange 
baths are incorporated into the precursor layers alongside the Cu.  Alkali atoms exhibit 
pronounced electronic and structural effects on Cu(In, Ga)Se2 layers and are beneficial in low 
concentrations.  However, excess alkali atoms are detrimental to Cu(In, Ga)Se2 solar cell 
performance and the problems encountered with cells produced here are consistent with the 
effects reported in the literature for excess alkali incorporation.  It is therefore expected that 
further improvements in solar cell efficiency might be achieved following reformulation of 
the ion exchange bath chemistry. 
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1 Introduction 
1.1 Market status of photovoltaic technology 
Interest in photovoltaic (PV) technology has increased rapidly as it provides a sustainable 
supply of electricity with very low emission of greenhouse gases and other pollutants [1, 2].  
For the past decade, deployment of PV has increased by an average of over 35% per year [3, 
4].  However these increases are largely confined to countries where national governments 
have provided large financial incentives for the installation of PV, the most successful 
mechanism being the feed-in-tariff, as was highlighted by the European PV barometer [5].  In 
countries with little or no government support of PV, deployment of PV has been limited due 
to the high effective cost of the resulting, unsubsidised, electricity as compared to grid-mix.  
For the PV market to become independent of governmental support, cost reductions must be 
realised in all aspects of PV systems, from the cells through to the installation and sale of 
generated power.  In part this can be achieved by economies of scale and progression along 
the learning curve [6, 7], the process of gradual cost reduction through process optimization 
occurring as time is spent working on a product.  However, there is reason to believe that 
some limits to the ultimate price per kWh will be encountered with the existing technologies 
and that lower limits may be applicable to newer technologies [8, 9].  The following 
introductory sections will provide an introduction to PV technology and discuss some of the 
limitations of existing technologies together with the potential of the emerging thin film 
technologies to overcome them. 
1.2 Introduction to photovoltaic operating principles 
Solar photovoltaic technology absorbs the light of the sun and converts it into electricity.  At 
the surface of the Earth, light from the sun arrives with a peak intensity of approximately 
1kW/m2.  This corresponds to an annual average power input to the Earth of 102000TW, 
equivalent to more than 10000 times the current global energy demand [10].  The spectrum of 
light arriving at the Earth’s surface is distributed roughly according to a black body spectrum, 
with bands of reduced intensity due to absorption in the atmosphere.  This spectrum will 
naturally vary with location, season, time of day and weather.  However, to provide a 
standard for evaluation of PV technologies, standard test conditions (STC) are defined by 
IEC Standard 60904-3 [11], including a reference spectrum.  This spectrum is called AM1.5G 
and corresponds to Northern latitudes similar to Europe and North America (Figure 1). 
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Figure 1: Spectral irradiance of the AM1.5G standard spectrum [11].  This spectrum gives an irradiance 
of 1000Wm-2 and is defined in order to standardise reporting of solar cell efficiencies. 
A photovoltaic device (solar cell) typically consists of a few basic elements: a semiconductor 
pn-junction to absorb light and separate the resulting electron-hole pairs and two contacts, at 
least one of which should let light into the device.  The basic structure and electronic band 
diagram of such a device is shown in Figure 2. 
 
Figure 2: Left) Basic structure of a pn-junction solar cell, showing a semiconductor junction for 
separating photo-generated  carriers and two contacts for extracting the current.  Right) Electron energy 
band diagram of a simple pn-homojunction. 
When a photon with energy greater than the semiconductor band gap is absorbed by the pn-
junction it generates an electron-hole pair.  The electron and hole are separated by the built-in 
electrical field at the pn-junction and only recombine after doing electrical work by travelling 
around an external circuit.  The more photons absorbed by the junction, the greater the 
current that the device supplies, while the greater the band gap energy of the absorber 
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material the greater the potential of the electrons moving around the external circuit and 
hence the greater the voltage across the device.  When a photon with energy greater than the 
semiconductor band gap is absorbed by the pn-junction, any excess energy above that 
required to generate an electron-hole pair is rapidly converted to heat by interactions between 
the electron or hole and phonons. 
The current-voltage characteristics of a model solar cell are shown in Figure 3, along with the 
current and voltage parameters used for describing them.  These parameters are the short 
circuit current density (Jsc) and open circuit voltage (Voc) and the current density and voltage 
at the maximum power point (Jmp and Vmp, respectively). 
 
Figure 3: J-V characteristics of a pn-junction solar cell.  In the absence of suitable illumination the solar 
cell behaves exactly like a rectifying diode. 
Solar cell efficiency is calculated according to Equation 1, where G is the irradiance 
illuminating the solar cell and the fill factor (FF) is described by Equation 2. 
G
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The electrical properties of solar cells are conveniently described by an equivalent circuit, 
shown in Figure 4 and described by Equation 3.  The illuminated pn-junction is represented 
by a current supply, IL, in parallel with a diode and resistance, Rp and in series with another 
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resistance, Rs.  An approximation of the magnitude of the series and parallel resistances may 
be calculated from the slope of the I-V curve at open and short circuit, respectively. 
 
Figure 4: Equivalent circuit of a pn-junction solar cell.  The cell is represented by a diode in parallel with 
a current supply IL (resulting from the excess carriers generated by the incident light), a series resistance 
Rs and a parallel resistance Rp. 
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Theoretical calculations show that the maximum possible energy conversion efficiency of 
such a PV device will vary with the electronic band gap of the absorber material.  This occurs 
since high band gap absorbers only utilise a small proportion of the solar spectrum while low 
band gap absorbers waste a lot of the absorbed energy as heat.  The calculated efficiency 
dependence on band gap energy exhibits a broad peak around 1.4-1.5eV (Figure 5). 
 
Figure 5: Variation of the theoretical maximum efficiency of a single junction solar cell with band gap 
energy of the absorber, calculated for measurement under STC [12]. 
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To produce the large currents and voltages required for commercial power generation many 
cells may be connected together in series and parallel, this assembly of cells is referred to as a 
module and is normally encapsulated to provide electrical and environmental isolation. 
1.3 Crystalline wafer photovoltaics 
To date, the most successful PV technology is based upon crystalline silicon (c-Si) wafers, 
accounting for nearly 90% of PV production capacity in 2007 [3].  These cells are based on 
single or multi-crystalline wafers of extremely high purity Si that are doped, structured and 
coated to create a pn-homojunction and minimise optical and electronic losses.  The high 
purity and crystalline quality of the Si wafers and the maturity of Si processing technology 
have led to record cell and module efficiencies of 25% [13] and 22.7% respectively [14]. 
Despite this impressive achievement and the maturity of Si wafer PV, further cost reductions 
are predicted to be modest compared to those achievable by emerging, alternative 
technologies [8].  A number of factors account for this, most significantly the large mass of Si 
required to produce each wafer and their resulting rigid, brittle nature.  The silicon wafers 
account for ≈40-45% of the finished module cost, of which about 12-15% is accounted for by 
the silicon itself [8, 15].  Although wafer thicknesses are reducing, there is a limit to how thin 
they can be made as Si is an indirect band gap material and hence a relatively poor absorber 
of light.  C-Si wafers are rigid and brittle and so require modules that are encapsulated in 
glass laminates to avoid damage during installation and operation.  These encapsulation 
materials result in products with high embedded energy and materials costs and their weight 
makes them expensive to transport and install [1, 16].  It is therefore anticipated that 
achieving the cost reductions required for PV electricity to become cost-competitive with 
grid-mix electricity in the majority of countries will be difficult with existing silicon wafer 
technologies. 
A second category of wafer based technologies exists and is based on the growth of thin films 
of III-V materials on III-V wafers.  Solar cells based on these materials have exhibited the 
highest efficiencies of any solar cells, both as single junctions and as multi-junctions (where 
two or more cells of different band gap energy are stacked on top of one another).  Single 
junction III-V solar cells have achieved energy conversion efficiencies of 25.9% and multi-
junctions under concentrated illumination have achieved 34.7% [14].  Due to the substrate 
wafers, III-V cells contain a high mass of semiconductor material and are rigid and brittle like 
c-Si solar cells.  Additionally, production and specific materials costs for III-V cells are even 
1 Introduction 
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greater than for c-Si.  While III-V solar cells are therefore the best choice for applications 
requiring very high efficiency devices (e.g. space applications), their deployment as low-cost 
terrestrial power generators seems unlikely.  However, the use of concentrating systems 
might challenge this assumption [17].  Concentrator systems aim to use low-cost optical 
concentrators to focus light onto small, high-efficiency solar cells, thereby reducing the 
number of expensive cells required to cover a given area.  Further reductions in cost might 
also be achieved by the use of a lift-off technique that allow the substrate wafers to be 
removed from the III-V thin films.  This technique allows the substrate wafers to be recycled 
and results in thinner, lighter thin-film III-V solar cells [18]. 
1.4 Thin film photovoltaics 
The limitations of c-Si and current high cost of III-V cells have promoted a large volume of 
research into a range of alternative PV technologies and these are beginning to find a place in 
the market.  Amongst these are the inorganic thin-film materials: amorphous and multi-
crystalline Si (a-Si and mc-Si, respectively) and polycrystalline CdTe and CuInSe2 (plus its 
alloys with Ga and S).  In contrast to the processing of Si wafers into individual solar cells, 
thin film solar cells are formed from a stack of layers coated onto a substrate and then 
patterned into cells and modules.  Patterning module contacts during deposition is known as 
monolithic integration and the resulting reduction in processing steps and interconnect 
materials should reduce manufacturing costs and potentially increase the active area of 
modules for a given aperture size. 
The thin film absorber materials are direct band-gap semiconductors and so only a few 
microns of material are required to absorb incident sunlight as opposed to the ~200 microns 
of an indirect band-gap c-Si wafer.  The total cell thickness (excluding substrate) is therefore 
at most a few tens of microns and this reduction in embedded material offers a substantial 
potential cost reduction for thin film PV over wafer-based technologies.  Since the stacks are 
so thin, they are not rigid like wafers and when coated onto substrates such as metal or 
polymer foils, flexible cells and modules may be produced.  If combined with a suitable 
flexible encapsulant these modules offer the potential for multiple cost reductions: less 
material and energy embedded in the encapsulation than for glass laminates, reduced 
transport costs due to reduced weight and reduced installation time and cost, especially for 
building integrated systems where roll-on modules may be rapidly installed, for example as 
roofing material. 
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However, inorganic thin film systems do currently suffer from some disadvantages.  While 
many of these are material specific, some more general trends may be identified.  Firstly, 
wafer based technologies still exhibit higher energy conversion efficiencies than thin film 
ones, although the efficiency gap is closing.  However, at present perhaps the most critical 
failing is the lack of turn-key production lines for thin film materials, preventing potential 
cell manufacturers from rapidly tooling up a factory with a proven process as is the case for 
c-Si PV (this is less of an issue for a-Si than for the other thin film technologies).  Developing 
and commissioning bespoke equipment potentially poses a substantial financial hurdle to 
entry into the thin film PV market.  Uncertainty about the performance (uptime and yield) of 
untested equipment can make matters even worse since capital costs and the accompanying 
depreciation are fixed costs that must be covered irrespective of production [19].  In contrast, 
the use of cloned, proven equipment has been estimated to lead to a reduction in capital costs 
of up to a factor of ten as compared to the first system of a design [20]. 
Monolithic integration raises another problem for thin film PV manufacturers.  While it offers 
potential cost savings, it prevents “cell-binning” prior to module assembly, whereby 
individual cells are characterised and similar cells grouped together in order to maximise 
module efficiencies.  While this is not necessarily a problem, process variation must be kept 
extremely tight to avoid bad cells drastically lowering module efficiencies and yields. 
Finally, many thin film devices currently contain compounds of heavy and/or scarce metals 
which have been suggested as potential problems for legislation/marketing and large scale 
supply.  However, recent work concluded that fears over cadmium pollution from thin film 
PV are unfounded [21] and the success of First Solar in selling CdTe-based modules suggests 
that marketing will not be a problem.  With respect to material supply, significant variation 
exists between assessments, though there is general agreement that material supply will not 
become a problem below GWp production capacities [20, 22, 23]. 
1.5 Cu(In, Ga)(Se, S)2 photovoltaics 
Of the thin film systems mentioned in the previous section, Cu(In, Ga)(Se, S)2 based solar 
cells have achieved the highest energy conversion efficiencies, with a record  device reported 
with 20% efficiency [24] (reference is to a 19.9% efficient device, M. Contreras announced 
the improvement to 20% at the 16th ICTMC 2008, Berlin).  Large area Cu(In, Ga)(Se, S)2 
modules have now been produced by a number of companies, with champion large-area 
efficiencies of 13% achieved by both Würth Solar and Shell Solar.  Table 1 gives details of 
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all of the companies that are involved with commercial deposition of Cu(In, Ga)(Se, S)2 at 
the time of writing.  Since many of the companies listed in Table 1 are still in the start-up 
fundraising and research stages of business, sales of Cu(In, Ga)(Se, S)2 products are relatively 
small.  Despite increases in Cu(In, Ga)(Se, S)2 module shipments and increases in the share 
of the PV market commanded by thin films, the market share commanded by 
Cu(In, Ga)(Se, S)2 has decreased in past years due to the very rapid expansion of First Solar’s 
CdTe production capacity and continued increases in Si wafer production. 
It is clear from Table 1 that there is no consensus as yet on the best method for the 
commercial deposition of Cu(In, Ga)(Se, S)2, though some manufactures using vacuum based 
technologies are now producing 5-90 MWp/year each.  At present, this lack of consensus 
requires all companies to develop bespoke deposition methodologies and equipment.  
However, the first turn-key products specifically aimed at stages of the module production 
line are beginning to hit the market (i.e Cu(In, Ga)(Se, S)2 machines from CentroTherm and 
CdS deposition equipment from Stangl).  As discussed above, the absence of turn-key 
production lines adds significantly to the start-up costs incurred and incubation time required 
before a new Cu(In, Ga)(Se, S)2 product can be launched.  However, it does offer any group, 
existing or new, that can develop a low cost, high throughput, highly reliable process for 
producing Cu(In, Ga)(Se, S)2 solar cells the opportunity to capture the market. 
One potential method for getting a competitive edge in the Cu(In, Ga)(Se, S)2 market and the 
PV market in general is to significantly reduce the cost of cell production.  Reductions in 
Cu(In, Ga)(Se, S)2 cell production costs could be achieved by reducing material consumption, 
reducing process temperatures, reducing process times and reducing capital costs.  Reducing 
capital costs has the added advantage that it reduces the barrier to starting a production 
business and reduces the fixed costs that increase the risks of a new business. 
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Table 1: Companies involved with Cu(In, Ga)(Se, S)2 manufacture, compiled from [25] and corporate 
websites.  Some details are missing due to incomplete public availability of information. 
Company Location Material Substrate Process Maximum 
cell efficiency 
Annual capacity 
Global Solar USA Cu(In, Ga)Se2  Metal foil PVD 11.1% cell 
 
5MWp installed, 
70MWp under 
construction 
Miasole USA Cu(In, Ga)Se2 Stainless 
steel foil 
PVD >10% 
modules 
NREL 
40MWp under 
construction 
Nanosolar USA Cu(In, Ga)Se2 Metal foil Deposition of 
nano-particles 
and selenization 
14% cell 
NREL on 
glass 
1GWp tools 
developed 
Energy 
Photovoltaics 
USA Cu(In, Ga)Se2 Glass Simplified 
hybrid process 
14% cell R&D 
ISET USA Cu(In, Ga)Se2 Polyimide 
& metal 
foils 
Printing nano-
particles and 
selenization 
13% cell 
NREL on 
glass 
3MWp under 
construction 
Day Star USA Cu(In, Ga)Se2 Glass PVD 16.9% cell 
NREL 
??? 
ITN/ES USA Global Solar and Ascent Solar are spin offs of this company 
Heliovolt USA Cu(In, Ga)Se2 Glass PVD or 
spraying of 
precursors, 
conversion 
12% cell Factory built, 
20MWp target 
Solopower USA Cu(In, Ga)Se2 Metal foil Electrodep. and 
probably 
selenization 
14% cell 
10% module 
20MWp planned 
Solyndra USA Cu(In, Ga)Se2 Glass 
tubes 
PVD ??? Factory built 
Ascent Solar USA Cu(In, Ga)Se2 Polyimide PVD 10% module 25MWp under 
construction 
IBM USA Cu(In, Ga)Se2 Glass Solution dep. 
and selenization 
10% cell Developing to 
license 
Würth Solar Europe CuInSe2 Glass PVD 13% module 30MWp, product 
on market 
Johanna Solar 
Technology  
Europe Cu(In, Ga)Se2 Glass Sputtering and 
selenization 
14-15% cell 60MWp planned 
Sulphurcell 
Solartechnik 
Europe CuInS2 Glass Sputtering and 
sulphurization 
8.6 module Product on 
market 
SSG/StGobain 
(AVANCIS) 
Europe CuInSe2 Glass Sputtering and 
selenization 
13% module 40MWp, product 
on market 
Solarion Europe Cu(In, Ga)Se2 Polyimide PVD, ion beam  10% cell ??? 
Solibro Europe Cu(In, Ga)Se2 Glass PVD 16.6% 
minimodule 
90MWp 
Flisom Europe Cu(In, Ga)Se2 Polyimide PVD 14.1% cell ??? 
Scheuten Solar Europe CuInSe2 Glass 
beads 
Melt 5% 30MWp planned 
with Ritek 
CIS Solartechnik Europe CuInSe2 Metal 
ribbon 
Electrodep., 
selenization 
12% / 10-11% 
cells 
30MWp planned 
Odersun Europe CuInS2 Cu-tape Electrodep., 
sulphurization 
9% cell 
5% module 
5-20MWp 
Showa Shell 
Sekiyu 
Japan CuInGaSe2 Glass Sputtering and 
selenization + 
sulphurization 
15% mini-
module 
11% module 
2nd factory under 
construction 
Honda Heavy 
Industries 
Japan Cu(In, Ga)Se2 Glass Sputtering and 
selenization 
11 % cell 30MWp, product 
on market 
Matsushita 
Ecology Systems 
Japan Cu(In, Ga)Se2 ??? ??? ??? No longer active 
Shinko Electric 
Industries 
Japan CuInS2 ??? ??? ??? R&D 
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1.6 Scope of this thesis 
Work was under taken during this thesis to look at alternative methods to form 
Cu(In, Ga)(Se, S)2 PV absorber layers using low cost, non-vacuum equipment.  To put this 
work in context the next Chapter will provide a detailed introduction to the 
Cu(In, Ga)(Se, S)2 material system and chalcopyrite layers suitable for use in high efficiency 
solar cells.  The following Chapter will review related work to deposit thin film 
Cu(In, Ga)(Se, S)2 by non-vacuum methods and identify the key challenges facing such 
approaches.  This will be followed by a brief summary of the principal characterization 
methods used during this work.  The final three Chapters will report the development of a 
new method for the formation of a precursor structure suitable for conversion to thin film 
Cu(In, Ga)(Se, S)2.  The precursor preparation method developed during this work takes 
advantage of an ion exchange reaction that requires relatively low temperatures and only 
simple, low-cost equipment.  Characterization of the precursor layers and their conversion 
into Cu(In, Ga)Se2 by annealing will be examined and the reaction pathways for both 
precursor formation and conversion will be identified.  After presentation of solar cells 
produced by this method, improvements to the annealing procedure will be suggested and 
experiments to test these suggestions will be reported. 
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2 Cu(In, Ga)(Se, S)2: Material and solar cell properties 
2.1 Material properties 
2.1.1 Physical properties 
The Cu-In-Se ternary phase diagram has been studied and refined by a number of authors 
[26-28].  More recent revisions to the earlier investigations are summarised in English by 
Cowen et al. [29] and reviewed alongside the work of these and other authors by Stanbery 
[30].  All of the ternary compounds in this system lie along the pseudobinary tie line between 
the terminal binary compounds Cu2Se and In2Se3.  The composition and temperature 
dependence of the ternary compounds is, therefore, usefully presented as a T-x section along 
this line (where x is the molar % of In2Se3 in a mixture of Cu2Se and In2Se3).  A simplified 
version of such a diagram is presented in Figure 6. 
 
Figure 6: Temperature dependence of the Cu-In-Se ternary phase diagram along the Cu2Se-In2Se3 
pseudobinary tie line [30]. 
For solar cells, the chalcopyrite (α-CuInSe2 or CH-CuInSe2) phase is required, this is a 
modification of the zinc blende crystal structure with a doubled periodicity along the c-axis, 
as shown in Figure 7.  The cations (Cu and In) are arranged in a regular manner on 
tetrahedrally coordinated lattice sites, such that every anion (Se) is bonded to two Cu and two 
In atoms.  Due to the differing natures of Cu-Se and In-Se bonds, these bond lengths are not 
equal within CuInSe2, resulting in a tetrahedral distortion such that c ≠ 2a.  The existence 
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range of single phase α-CuInSe2 is relatively broad, especially above ~600°C, but does not 
include stoichiometric material.  Rather, it exists for a range of slightly Cu-poor 
compositions.  Extension of the phase diagram presented in Figure 6 to lower temperatures 
established the composition boundaries for α-CuInSe2 as 24 - 24.5 at.% Cu at room 
temperature [28]. 
For compositions and temperatures within the existence range of chalcopyrite CuInSe2, the 
formation of a meta-stable phase (polytype) with copper gold (CA-CuInSe2) ordering is 
possible since the difference in formation energy is very small [31].  This is similar to the 
chalcopyrite polytype, in that the cations occupy ordered sites on the lattice, however the 
pattern of ordering is different and does not lead to a doubling of the unit cell c axis length 
(Figure 7). 
At higher temperatures the chalcopyrite phase transforms into the sphalerite phase (δ-
CuInSe2), characterised by disordered cation positions.  The transition temperature and nature 
of the transition depend upon the composition of the material.  Some reports of CuInSe2 
deposition at temperatures below the chalcopyrite to sphalerite transition temperature identify 
sphalerite material [32, 33], presumably due to kinetic factors preventing the ordering of the 
cations during crystal growth [34]. 
 
Figure 7: Left) Zinc blende ZnSe.  Middle) Chalcopyrite CuInSe2.  Right) Copper-gold CuInSe2.  The 
cations in both CuInSe2 polytypes are ordered, however the different arrangements result in different 
sizes of unit cells.  Images produced using the Powder Cell software package. 
Cu 
In 
Zn 
Se 
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On the In2Se3-rich side of the α-CuInSe2 existence range, a number of In-rich compounds 
exist (β-CuInSe2).  These are known as ordered defect compounds (ODCs, or ordered 
vacancy compounds, OVCs) as they exhibit a tetragonal structure containing a high 
concentration of Cu vacancies and InCu anti-site defects ordered in a spiral around the c-axis.  
There is some disagreement as to how many phases exist within this region of the phase 
diagram, for example Fearheiley et al [26] report Cu2In4Se7 and CuIn3Se5 as the most likely 
phases while Boehnke et al [27] find compounds with compositions Cu2In4Se7, Cu8In18Se32, 
Cu7In19Se32, CuIn3Se5 and CuIn5Se8 to be consistent with their data for the β-phase.  Thin 
films of CuIn3Se5, have been investigated and it was reported that unambiguous identification 
of single β-phases as opposed to mixtures of α- and β-phases was difficult [35].  At even 
more In-rich compositions, these β-phases exist as a mixture with the binary compound 
In2Se3. 
On the Cu2Se side of the α-CuInSe2 phase field, CuInSe2 exists as a mixture with Cu2Se.  It is 
reported that a slight solubility exists between these two phases [26], though segregated 
mixtures are more often observed with Cu2-xSe residing either at the CuInSe2 layer surface 
[36] or at grain boundaries and as intra-granular inclusions [37]. 
The temperature-composition phase relations of the above mentioned binary compounds are 
important to understanding the reaction mechanisms of many Cu(In, Ga)(Se, S)2 deposition 
processes.  However they are better understood than the ternary phase diagram and are 
extensively reviewed in the books edited by Massalski [38, 39] so will not be discussed here. 
Ternary compounds analogous to CuInSe2 may be formed by the replacement of In with Ga 
to form CuGaSe2 and the replacement of Se with S to form CuInS2 or CuGaS2.  The 
motivation for working with these materials in addition to CuInSe2 will be discussed in the 
next section.  Despite some differences, the ternary phase diagrams of CuGaSe2, CuInS2 and 
CuGaS2  [40-42] are qualitatively similar to that of CuInSe2 and so they will not be discussed 
here.  The four possible ternary compounds form a continuous range of solid solutions, 
leading to a pentenary alloy Cu(In, Ga)(Se, S)2.  Importantly for the deposition of 
Cu(In, Ga)Se2 for PV, alloying CuInSe2 with CuGaSe2 leads to an increase in the existence 
range of the chalcopyrite phase and hence an enlarged process window [28].  
2.1.2 Optoelectronic properties 
As stated in Section 1.2, the band gap of the semiconductor used for the absorber layer in a 
solar cell is one of the determining factors in calculating the maximum energy conversion 
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efficiency that may be achieved with such a cell.  The minimum direct band gap of CuInSe2 
is 1.05eV and for photons with energy greater than this band gap it exhibits a very high 
absorption coefficient of greater than 105cm-1.  This band gap is lower than the optimal value 
for a single junction solar cell (Figure 5), leading to high current, low voltage devices.  It is 
therefore desirable to increase the band-gap of CuInSe2 for use in high efficiency solar cells 
and this can be achieved by alloying with Ga and S chalcopyrites.  Of the ternary materials in 
the Cu-In-Ga-Se-S system, CuGaS2 has the greatest direct band-gap of nearly 2.5eV and 
therefore sets the upper limit for the band-gap of Cu(In, Ga)(Se, S)2.  The band-gap of the 
pentenary alloy varies smoothly with composition (though non-linearly due to band-gap 
bowing).  This theoretically allows the band gap to be tuned to the optimum value for use in 
single junction solar cells under AM1.5G illumination (1.45eV) or to be tailored for use at 
different positions in multi-junction cells. 
Quaternary Cu(In, Ga)Se2 can be formed with a graded Ga content (i.e. [Ga]/([In]+[Ga]) ratio 
as a function of depth in the layer) in order to establish a graded band gap structure.  Addition 
of Ga to CuInSe2 leads to an increase in the energy of the conduction band minimum but very 
little change in the valance band maximum [43].  A p-type quaternary layer with decreasing 
Ga content towards the front of the layer therefore exhibits a quasi-electric field that 
accelerates electrons towards the front of the layer.  This is a desirable effect that potentially 
both aids carrier collection from the quasi-neutral region [43] and reduces recombination at 
the back contact [44].  However, the front of the absorber layer is where the pn-junction is 
formed and having reduced Ga content at this interface leads to decreased Voc.  To exploit the 
benefits of having a high Ga content at the rear of the device while maximising Voc a double-
graded Ga profile can be used.  Such a profile exhibits a minimum Ga concentration towards 
the middle of the Cu(In, Ga)Se2 layer and this has the potential to optimise both the current 
collection efficiency and Voc.  However, care must be taken that the band-gap minimum of 
such double graded layers occurs within the space charge region, otherwise a second quasi-
electric field may be established, blocking minority electron collection from the quasi-neutral 
region [45]. 
The doping of Cu(In, Ga)(Se, S)2 is largely determined by intrinsic point defects and the 
formation energy of these defects is low enough to be influenced by the material 
composition.  As a result, CuInSe2 may be synthesised as either an n- or a p-type 
semiconductor by control of the growth conditions.  Common acceptors are considered to be 
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VCu, VIn and CuIn.  InCu and VSe are considered the most common donors [46, 47], though 
there is disagreement over the ability of VSe to provide free electrons for doping [48].  The 
native point defects are electrically charged, however they are understood to group together 
into neutral complexes such as (2VCu
- + InCu
2+), thereby allowing CuInSe2 layers to 
incorporate a high density of intrinsic defects while maintaining good electrical properties 
[31]. 
P-type material is used for solar cell absorber layers since the effective mass of electrons is 
significantly less than that of holes, meaning that photo-generated minority-carrier electrons 
have greater mobility than their hole analogues in n-type material would.  Greater mobility 
leads to greater diffusion lengths and hence increased carrier collection and energy 
conversion efficiency.  Typically, chalcopyrite absorber layers are highly compensated by 
donor-like intrinsic defects, leading to net hole concentrations of the order of 1016cm-3 for 
CuInSe2 [49, 50], though this value decreases still further with the addition of sulphur in Ga-
free material [51]. 
The resistivity of CuInSe2 is high for In-rich material and decreases drastically as the 
composition becomes Cu-rich.  This occurs in part due to the increase of p-type doping 
density in material grown under Cu-rich conditions (due to a reduction in compensation) and 
in part because the material is no longer single phase and instead exists as a mixture of 
CuInSe2 and the highly conductive degenerate p-type semiconductor Cu2-xSe [50].  The 
presence of the Cu2-xSe phase in photovoltaic absorber layers is undesirable as it offers low 
resistivity shunt paths and may lead to parasitic absorption of incident light [37]. 
The ODC compound CuIn3Se5 is always found to be weakly n-type and has a band gap 
slightly greater than that of CuInSe2 (1.2-1.3eV cf. 1.05eV), a difference that is largely 
accounted for by a decrease in the valence band maximum [35, 52].  In contrast, the material 
Cu(In, Ga)3Se5 has been found to exhibit p-type conductivity in the presence of Na [53].  
ODC material is observed at the surface of the absorber layers used in high efficiency 
chalcopyrite solar cells and its effects on cell performance will be discussed in Section 2.2.2. 
2.2 State of the art chalcopyrite solar cells 
2.2.1 Characteristics and configuration 
To provide a reference point for evaluation of solar cell performance, the device 
characteristics of the world record Cu(In, Ga)Se2 device are reproduced in Table 2.  The 
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structure used for this device is considered standard for Cu(In, Ga)(Se, S)2 research and is 
shown in Figure 8 (the anti-reflection coating and current collection grid used in the highest 
efficiency devices are not shown).  The choice of material for each layer will be detailed 
briefly below. 
Table 2: Device characteristics of the previous world record Cu(In, Ga)(Se, S)2 solar cell [24].  A 20% cell 
was more recently reported by the same group and while its characteristics are yet to be published it can 
be assumed that they are very similar. 
Parameter Value 
Voc 0.690V 
Jsc 35.5mA/cm
2 
FF 81.2% 
η 19.9% 
Area 0.419cm2 
Rs 0.37Ωcm
2 
A 1.14 
J0 2.1x10
-9mAcm-2 
 
Figure 8: Layer sequence of typical Cu(In, Ga)(Se, S)2 based solar cells and typical deposition techniques 
used for cell processing. 
The substrate of choice for deposition of chalcopyrite-based solar cells is soda lime float 
glass as it provides a source of sodium atoms to the absorber layers during their deposition.  
Solar cells with Cu(In, Ga)(Se, S)2 absorber layers containing a small concentration of 
sodium (~0.1 at.%) exhibit significantly higher open circuit voltages and fill factors than 
sodium free devices [54].  The beneficial effects of Na incorporation are reported to be both 
Molybdenum
Soda lime glass
Cu(In, Ga)(Se, S)2
CdS
i-ZnO
ZnO:Al
Sputtering 
Float glass 
Chemical bath deposition 
Sputtering 
Sputtering 
2.2 State of the art chalcopyrite solar cells 
17 
structural (increased existence range of α-Cu(In, Ga)Se2, reduced In and Ga diffusivity during 
growth and smoothing of the absorber surface [28, 55]) and electronic (reduced compensation 
and improved grain boundary and surface passivation [56, 57]).  It is a combination of these 
effects that lead to improvements in device efficiency compared to Na free devices.  Na has 
an additional effect on Cu(In, Ga)Se2 that is undesirable from the point of view of device 
processing.  The presence of Na increases the temperature at which the ternary chalcopyrites 
form from binary selenides, thereby increasing the temperature at which absorber layer 
deposition must be performed [55]. 
Sputtered molybdenum back contacts are used as they are able to resist the high-temperature 
processing required for chalcopyrite deposition.  Investigation of alternative metallic contact 
materials found no better substitute [58].  However, Mo is not entirely inert during 
Cu(In, Ga)(Se, S)2 processing and the formation of a thin MoSex interfacial layer has been 
reported for high efficiency devices [59-61].  This layer is expected to provide a lower 
resistance electrical contact for holes than bare Mo and establish a back surface field to 
reduce the recombination of electrons at the back contact [50].  Formation of a thick MoSex 
layer at the interface will increase the series resistance of the solar cell and reduce its 
efficiency.  
For the absorber layer, a p-type chalcopyrite film approximately 2-3 microns thick is 
normally used.  This is thicker than should be required to harvest the majority of the light 
entering the device and only small reductions in device efficiency have been reported upon 
decreasing the thickness as low as 0.5 microns [62].  Cu(In, Ga)Se2 absorbers for the highest 
efficiency devices will be discussed in more detail in Section 2.2.2.  However it is noted here 
that these layers exhibit a copper depleted surface that leads to a type inversion at the surface 
and possibly a weak buried homojunction.  Such a homojunction should exhibit reduced 
interface recombination compared to a heterojunction. 
The next three layers in the stack are sometimes referred to collectively as the window and 
within this grouping the n-type CdS layer is referred to as the buffer layer.  The buffer layer 
performs several roles that are intimately linked to the use of a chemical bath for its 
deposition.  The buffer layer itself is thought to be required primarily to minimise 
recombination at the heterojunction interface between the absorber layer and the ZnO [63].  
Chemical bath deposition (CBD) is found to produce far better results than other CdS 
deposition methods and this has led to suggestions that the ammonium hydroxide used in the 
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bath cleans the chalcopyrite surface of a native oxide that forms during exposure to air.  It has 
also been reported that Cd is incorporated into the chalcopyrite surface during CBD.  Both of 
these effects are expected to increase the type inversion at the absorber surface and further 
reduce interface recombination [64-66].  
The next layer in the window is an un-doped layer of ZnO.  Together with the CdS layer this 
forms the n-type junction partner in the pn-junction with the absorber layer.  The final layer 
in the window is aluminium doped ZnO, selected to provide a low resistivity electrical 
contact without the need for heating during deposition.  Both zinc oxide layers are deposited 
by RF sputtering from ceramic targets. 
To maximise the efficiency of completed devices, a narrow, highly conductive Al/Ni bilayer-
grid is often deposited to minimise series resistance and a standard MgF2 anti-reflection 
coating is applied to minimise current losses due to reflection from the smooth upper surface 
of the device.  The thin nickel layer in the current collection grid is required to prevent the 
aluminium coming into contact with the ZnO and forming a resistive Al2O3 interfacial layer. 
2.2.2 Absorber properties and deposition 
Thin film chalcopyrite absorber layers are polycrystalline and analysis of previous record 
devices revealed that the best absorber layers in the Cu, In, Ga, Se, S system are sulphur free, 
always have a composition in the window defined by the ratios 0.88<Cu/(In+Ga)<0.95 and 
[Ga]/([In]+[Ga])~0.3 and have a preferred orientation with the <220/204> direction 
perpendicular to the substrate [67].  Good energy conversion efficiencies are achieved for 
absorbers with band gaps of 1.1-1.3eV and this Ga content corresponds to a band gap of 
approximately 1.14eV.  This range of band-gap energies is considerably lower than the 
theoretically expected optimum for single junction cells under AM1.5G illumination.    The 
difference is explained by the lack of gain in Voc that is realised when making Cu(In, Ga)Se2 
devices with wider band gaps due to unfavourable conduction band offset at the absorber-
window interface [68, 69] and Fermi Level pinning due to deep defects [52, 68, 69].  
The requirement for Cu-poor composition to achieve high-efficiency from chalcopyrite solar 
cells results from the presence of segregations of the highly conductive degenerate p-type 
semiconductor Cu2-xSe in Cu-rich material.  This can cause shunting and highly efficient 
parasitic absorption of incident light [37].  Surface segregations of Cu2-xSe may be removed 
by selectively etching with KCN.  However, even in cases where this does not leave 
significant voids in the absorber there is still suggestion that the resulting chalcopyrite layers 
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are unsuitable for use in high efficiency devices.  The low quality of such layers may be due 
to potential intragrain segregations of Cu2-xSe that cannot be removed by KCN, high doping 
of the layers [50] or the absence of a surface layer with reduced Cu content relative to the 
bulk [70].  This Cu-poorer surface layer is believed to form spontaneously on all 
Cu(In, Ga)Se2 material with Cu-poor bulk composition and to be essential for high efficiency 
device formation.  The thin surface layer was reported to have stoichiometry varying between 
that of CuIn3Se5 and CuGa5Se8 depending on the bulk Ga content of the layer [36] and to 
have been identified as one of the β-phase ordered defect compounds [36, 70].  However, due 
to the difficulties in chemical or structural identification of this very thin layer, there is still 
some controversy as to whether the layer exists as a segregated phase or whether the 
measured surface composition results from a high concentration of Cu vacancies.  These 
defects are proposed to be created by Cu migration away from the surface region due to fixed 
charges at the absorber surface [28]. 
It is interesting to consider the deposition method used to produce the record efficiency 
absorber layers in more detail so that it can later be compared to alternative methods intended 
to be more compatible with low-cost industrial production.  All recent record efficiency 
Cu(In, Ga)Se2 absorbers have been deposited using the so-called “three-stage” co-
evaporation process [71], which was introduced as an alternative to the previously prevalent 
“two-stage” (or Boeing) process [37, 72].  Typical evaporation profiles used in the three stage 
process are shown in Figure 9, the substrate temperature is normally maintained around 
400°C during the first stage and 600°C during the second and third stages.  This process 
produces smooth, dense Cu(In, Ga)Se2 films as a result of the (In, Ga)2Se3 layer formed 
initially, with large grains due to a period of Cu-rich composition experienced at the end of 
the second stage.  Cu-poor final composition is achieved by supply of In and Ga during the 
third stage.  Additionally, the modulated supply of the Group III elements creates a beneficial 
double graded [Ga]/([In]+[Ga]) profile throughout the bulk of the absorber, as was discussed 
in Section 2.1.2. 
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Figure 9: Evaporation rates used during the “three-stage” co-evaporation process for depositing 
Cu(In, Ga)Se2 absorber layers for use in high efficiency devices, adapted from [24]. 
Three important empirically derived treatments were performed in addition to the three-stage 
deposition in order to optimise the absorber and heterojunction for the current record device.  
Firstly, the Ga source was closed shortly before the In source during the third stage, secondly, 
the layers were annealed in Se atmosphere for two and a half minutes after the other sources 
were closed and finally the heterojunction was annealed in air for two minutes after 
deposition of the CdS buffer layer [24]. 
2.3 Simplified vacuum deposition methods 
While all recent record efficiency Cu(In, Ga)Se2-based PV devices have used absorbers 
deposited by the “three-stage” process, a simpler approach might be advantageous for large-
scale production of Cu(In, Ga)(Se, S)2 solar cells.  To this end, processes have been 
investigated that terminate the second stage of the “three-stage” process before the 
Cu(In, Ga)Se2 layer bulk-composition turns Cu-rich [73-76].  Cu(In, Ga)Se2 devices based on 
absorbers deposited by these techniques have reached efficiencies of 16.6% when using a 
similar temperature profile to the three stage process [75]. 
It is known that high temperatures (>370°C) are required for Cu(In, Ga)(Se, S)2 formation by 
co-evaporation.    However, to reduce the thermal budget of Cu(In, Ga)(Se, S)2 deposition 
(and hence process cost) the two stage method has been further investigated at lower 
temperatures.  The material deposited during the second stage may then not react completely 
with the material deposited during the first stage.  In this case the resulting bilayer structure is 
referred to as a precursor and a high temperature anneal is employed to form the chalcopyrite 
phase [77-80].  Se or S is often supplied during this annealing stage, in which case it may be 
referred to as selenization or sulphurization.  Methods utilising a high temperature 
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selenization/sulphurization stage promise to be more cost effective than high temperature 
absorber deposition if the treatment can be kept sufficiently brief. 
Even with a high temperature selenization treatment, substrate temperature during the 
material deposition has been shown to have a strong effect on the quality of the material 
produced using two-stage deposition methods [75, 80].  Sequential deposition of indium 
gallium selenide and copper selenide at room temperature was reported to result in 
delamination of the precursor during selenization, however deposition at 100°C was already 
sufficient to give cells of 13.3% efficiency following selenization at over 500°C.  The 
principal difference between the layers deposited at 25°C and those deposited at 100°C was 
reported to be that the indium gallium selenide and copper selenide layers were found to 
begin to inter-diffuse when deposited at 100°C, whereas room temperature deposition 
produced a sharp interface between the layers. 
For Ga-free CuInSe2 devices, when Cu and Se were supplied to an indium selenide precursor 
layer at 200°C solar cells of 13.7% were reported [78].  These results show that even at low 
temperatures copper selenide supply to indium selenide precursors can result in >10% 
efficient CuInSe2-based solar cells, so long as a high temperature selenization treatment is 
provided. 
The layers deposited by the two stage process at low temperature are not pure chalcopyrite 
and so may be considered as precursor structures that are converted to chalcopyrite by the 
subsequent selenization reaction at higher temperature.  Many other approaches to the 
formation of such precursor structures have been investigated, however the two-stage 
deposited precursors are given special mention here as their deposition is the most similar to 
the three-stage-process and so can be considered as a bench mark for comparison of other 
precursors for selenization.  In the attempt to reduce production costs as far as possible, non-
vacuum precursor deposition methods have been investigated and these will be reviewed in 
the next chapter. 
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3 Non-vacuum Cu(In, Ga)(Se, S)2 formation 
3.1 Motivation 
As discussed in Chapter 2, the current lack of turn-key production lines implementing proven 
processes is perhaps the most critical hurdle preventing potential cell manufacturers from 
rapidly tooling up a factory for Cu(In, Ga)(Se, S)2 production. The development of a non-
vacuum process to fill this role offers a number of potential advantages over the continued 
use of the vacuum processes discussed so far: 
1. Developing and commissioning bespoke high-vacuum equipment potentially poses a 
substantial financial hurdle to entry into the thin film PV market.  Uncertainty about the 
performance (uptime and yield) of new equipment can further increase this barrier since 
capital costs and the accompanying depreciation are fixed costs that must be covered 
irrespective of production [19].  If high-vacuum conditions are not required, the 
equipment required for large-area device processing is significantly simplified and fixed 
costs are reduced; 
2. As Cu(In, Ga)(Se, S)2 manufacturing matures and the scale of production increases, 
material costs will come to dominate module production costs.   Depending on system 
configuration, high-vacuum methods typically obtain material utilization efficiencies of 
30-60% [81, 82].  This low efficiency wastes expensive raw materials through 
unintentional deposition on the vacuum chamber walls and will limit the potential for cost 
reductions.  Higher material utilization efficiencies, in some cases close to 95%, are 
achievable by many non-vacuum processes, which precisely direct materials to the 
desired location on the substrate surface; 
3. Vacuum-based approaches are often very energy intensive, as significant energy input is 
required to evaporate or sputter materials from a source, often onto a heated substrate if 
the chalcopyrite layer is to be formed directly. By contrast, many solution-based 
approaches have low energy input and can deposit precursor layers at room temperature 
then utilise a short heat treatment technique such as rapid thermal processing (RTP) to 
form the chalcopyrite. Such treatments have already been demonstrated to lead to high 
efficiency solar cells for vacuum deposited precursors on laboratory and commercial 
scales [83]; 
4. For solution-based approaches such as printing, doctor blade coating and stamping, one 
high-speed pass is sufficient to coat the substrate with a precursor film, making the 
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processes high-throughput and compatible with roll-to-roll processing of flexible 
substrates. 
The greatest advantages would of course be realised if non-vacuum processes could be 
applied to all stages of the cell deposition, as has been successfully demonstrated for CdTe 
modules [84, 85].  However, replacing just the Cu(In, Ga)(Se, S)2 formation stage with a non-
vacuum process will yield significant cost-savings for two reasons.  Firstly, off-the-shelf 
technologies such as magnetron sputtering could be applied to the front and back contact 
formation and so no expensive, high-risk design work would be required for this equipment.  
Secondly, the Cu(In, Ga)(Se, S)2 layer embodies the highest materials costs of the active 
layers in the solar cell and so the greatest cost savings would be achieved upon increases in 
materials utilisation efficiency during its deposition. 
Despite the advantages of non-vacuum manufacturing, unless low-cost PV modules maintain 
good power conversion efficiency and stability the balance-of-system (BOS) costs associated 
with installed modules will lead to no reduction in the cost of generated electricity (£/kWh) 
as compared to vacuum deposited modules. With this caveat in mind, development of a non-
vacuum deposition method to fabricate Cu(In, Ga)(Se, S)2 has become an intensively pursued 
goal in PV research and a variety of solution-based approaches have been demonstrated [86].  
These approaches can be roughly divided into three different sub-categories depending on 
deposition method and precursor material:  
1. Electro-, electroless and chemical bath deposition where (electro)chemical reactions in a 
solution lead to the coating of an immersed substrate; 
2. Particulate-based processes that use solid particles dispersed in a solvent to form an ink 
which can be coated onto a substrate; 
3. Processes that coat solutions onto a substrate by mechanical means such as spraying or 
spin coating. 
The efficiency gap between non-vacuum and vacuum deposited Cu(In, Ga)(Se, S)2 has been 
reduced in past years and processes from each of the above categories have now reported 
cells with efficiencies in the range 10-14%, thereby showing promise for commercialization. 
This Chapter will consider each of the categories in turn, focussing on the state of the art of 
Cu(In, Ga)(Se, S)2 device fabrication using absorbers deposited by the relevant processes and 
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highlighting the principal difficulties encountered in the development of the techniques. The 
Chapter will end with a discussion of the common difficulties faced by these methods and 
introduce the new technique explored in this work to offer a complimentary approach to non-
vacuum Cu(In, Ga)(Se, S)2 deposition. 
3.2 Electro-, electroless and chemical bath deposition 
3.2.1 Introduction 
Electrochemical deposition, electroless plating and chemical bath deposition are widely used 
surface finishing processes and have been investigated for Cu(In, Ga)(Se, S)2 deposition since 
1983 [87].  More than two hundred research papers have been devoted to the electrochemical 
preparation of Cu(In, Ga)(Se, S)2, accompanied by several review articles [88-94], making 
electrodeposition the most intensely studied non-vacuum deposition method for 
Cu(In, Ga)(Se, S)2 production. 
The electrodeposition and electroless deposition of Cu(In, Ga)(Se, S)2 from a single solution 
is difficult due to the wide differences between the standard potential of Se (E° = +0.75V vs 
NHE), Cu (E° = +0.34V vs NHE), In (E° = -0.34V vs NHE) and Ga (E° = -0.53V vs NHE). 
In addition the electrochemical behaviour of Se is complex; it exhibits several oxidation 
states (+6, +4, 0, -2), leading to complex reactions and very sluggish deposition [95].  
Deposition of Cu and In has proved to be relatively straightforward, however deposition of 
Ga is more difficult due to its very negative redox potential and strong affinity for oxygen, 
which leads to films containing oxide phases and which often exhibit cracks [96, 97]. 
To overcome the thermodynamic and chemical difficulties, several strategies have been 
developed to synthesize Cu(In, Ga)(Se, S)2 precursor layers: 
1. Co-electrodeposition of the elements from a single electrolyte (i.e. one solution); 
2. Electrodeposition of stacked layers of metals, alloys or binary selenides; 
3. Electroless and chemical bath deposition. 
As with other non-vacuum techniques, the layers deposited by these methods are normally 
subjected to a high temperature annealing step to form Cu(In, Ga)(Se, S)2 after deposition, 
often in the presence of a chalcogen source.  
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3.2.2 Co-electrodeposition of Cu-(In, Ga)-Se compounds 
Due to solubility issues, most deposition baths contain a supporting electrolyte and have a 
low pH, though some works use strongly alkaline solutions [98-100].  In most cases, the 
metallic elements are introduced as sulphate or chloride salts and more rarely as nitrate salts, 
while the Se precursor is introduced as selenium oxide or selenous acid [101]. 
The first single-step process for the electrodeposition of all of the elements in CuInSe2 was 
reported in 1983 [87] and as this method developed it was extended to include Ga [102].  
However, only low incorporation of the Group III elements was achieved by 
electrodeposition and the cells reported were for layers that were topped-up with In and Ga 
by physical vapour deposition (PVD).  These devices reached 13.7% efficiency, however 
they cannot be considered truly non-vacuum since a large fraction of the material was added 
by vacuum evaporation after the non-vacuum step [102]. A major improvement to this 
approach was obtained by using an electrolyte buffered by pHydrion (pH 3), which is a 
mixture of sulphamic acid and potassium biphthalate [103].  The as-deposited precursors 
were stoichiometric or slightly Cu-rich Cu(In1-xGax)Se2 compounds and only a small amount 
of In was required to be added to the electrodeposited films by PVD to obtain 9.4%-efficient 
devices [103, 104].  The processing method was further improved by Calixto et al., thanks to 
a better understanding of the bath chemistry and the milestone of electrodepositing 
Cu(In, Ga)Se2 with no additional vacuum deposition step was achieved, resulting in 6.2 % 
efficiency cells after heat-treatment with H2Se [105].  Whilst this is lower than the 9.4% cells 
produced by using combined electrodeposition and PVD, it is the first notable efficiency 
achieved with just electrodeposition for an absorber containing significant amounts of Ga. 
From comparison with evaporated absorber layers, the use of Cu(In, Ga)(Se, S)2  rather than 
CuIn(Se, S)2 would be expected to yield the highest efficiency devices.  However, the 
incorporation of Ga by electrodeposition has been found to be difficult due to its high 
electronegativity, affinity for oxygen and the tendency of cracks to form in Ga-containing 
electrodeposited layers [96, 97].  As a result, the highest efficiency devices based on 
electrodeposited precursors were for a long time achieved by working with Ga-free 
CuIn(Se, S)2. 11.3 % cells were reported for this material by using a sulphurization stage to 
exchange some or all of the Se with S in electrodeposited Cu-In-Se [92].  It is only very 
recently that electrodeposited Cu(In, Ga)Se2 cells have achieved higher efficiencies than Ga-
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free cells, with 13.8% (0.48 cm2) and 11.2 % (101 cm2) cells being reported for an industrial 
process on flexible substrates [106]. This process also led to 9% modules (1m2) [106]. 
3.2.3 Multistep electrochemical processes 
To overcome the intrinsic difficulty of In and Ga incorporation, alternative strategies to co-
deposition have been developed, many of which involve the deposition of stacked structures 
of elemental, alloy or binary chalcogenide layers [107, 108]. 
Using such approaches, electrodeposition of Ga or In onto Cu substrates has led to 3.2% 
CuGaSe2 [109] and 9% CuInS2 [110] cells after chalcogenization, respectively. The latter 
result was for a Cu-tape roll-to-roll industrial process (CISCuT) using an inline 
sulphurization furnace that produces n-type CuInS2 from the substrate and uses p-type CuI as 
a buffer layer [110].  Sequential deposition of Cu, In and Ga onto stainless steel or Cu foils 
also yielded solar cells with efficiencies up to 9% [111, 112]. 
Deposition of Cu-Ga [113], Cu-In [107, 114-118], In-Ga [119] and Cu-In-Ga [120] alloys has 
been demonstrated, with the latter two approaches leading to 6.6% and 4% efficient cells, 
respectively. 
The electrochemical deposition of Se layers to use in stacked precursor structures has been 
proposed from organic solutions [121], alkaline selenosulphite solutions [122-124] and 
molten salts [125]. 
Another strategy is based on the sequential electrodeposition of binary or ternary selenide 
precursors. CuInSe2 films were prepared by selenizing precursors formed by the layer-by-
layer deposition of Cu-Se and In-Se, In and Cu-Se [126], CuSe on In-Ga evaporated 
precursors [127] and Cu, In2Se3 and Cu2-xSe [128, 129]. 
3.2.4 Non-aqueous electrolytes 
To overcome the parasitic evolution of hydrogen resulting from the simultaneous reduction of 
water during electrodeposition, non-aqueous electrolytes have been investigated. Preliminary 
attempts at the electrodeposition of Cu-In alloys were carried out in ethyleneglycol [130], for 
Cu-In-Se in ionic liquids (1-butyl-1-methylpyrrolidinium bis-trifluoromethylsulfonyl-amide) 
[131] and for Cu-In-Ga-Se in choline chloride/urea eutectic mixtures [132]. 
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3.2.5 Electroless and chemical bath deposition 
Up-scaling of electrochemical deposition to large surface areas is technically challenging due 
to the requirement to maintain homogeneous current or potential distributions.  These 
difficulties could be avoided through the use of electroless and chemical bath deposition 
processes. 
During electroless deposition a chemical displacement reaction occurs, leading to the 
dissolution of a reactive counter-electrode and the reduction of the electroactive species at the 
substrate.  Such reactions, using an oxidizable counter electrode short circuited to the 
substrate, have been reported for Cu-In alloys, which were further sulphurized [133] or 
selenized [115, 134, 135]. Since the driving force is the potential difference between the 
corrosion potentials of the counter-electrode and the substrate, the highly negative redox 
potentials of In and Ga lead to their very weak incorporation [136, 137].  As such, electroless 
Cu(In, Ga)Se2 cells have only been reported after the addition of In, Ga and Se by PVD [138-
140]. 
CuInSe2 has been prepared by CBD in alkaline selenosulfate solutions at 40-90°C using 
triethanolamine or tetraamine as complexing agents [141, 142].  However, cells have only 
been reported after the addition of In, Ga and Se by PVD [143].  CBD has also been carried 
out to prepare Se film for the selenization of In/Cu layers deposited using a vacuum 
evaporation technique [144].  While technologically simple, CBD is not an intrinsically 
materials efficient process as the formation reaction happens throughout the bulk of the 
solution rather than just at the substrate.  Therefore, it may not be a good choice of technique 
for high volume production.  A modified CBD technique based on repeated, sequential 
immersion of a substrate into different cationic and anionic precursors has been reported that 
might be more materials efficient than conventional CBD, however it involves extensive 
substrate handing [145-148].  This technique is sometimes referred to as Solution Ion Layer 
Absorption and Reaction (SILAR).  The Ion Layer Gas Reaction (ILGAR) technique that will 
be discussed in Section 3.4.2 is in many respects an evolution of this technique that may be 
more industrially compatible. 
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3.3 Particulate methods 
3.3.1 Introduction 
Coating a substrate with a particulate ink or slurry offers an extremely materials-efficient 
method of depositing a thin-film and such approaches rapidly led to CdTe solar cells with 
energy conversion efficiencies of 12% [84].  The application of similar methods to 
Cu(In, Ga)Se2 has been found to be more difficult due to the lack of a suitable fluxing agent, 
however, absorbers formed from particulate precursors have now led to high efficiency 
Cu(In, Ga)Se2 solar cells. The following sections will consider the deposition of particulate 
precursor layers and the precursor material choices required to form high quality 
Cu(In, Ga)Se2. 
3.3.2 Particulate deposition and precursor layer formation 
The coating of substrates with particulate precursor layers requires that the particles are 
formed into a slurry or ink by dispersal in a liquid. The choice of ink formulation (in terms of 
solid loading and liquid rheology) is governed by the requirements of the deposition method 
that is to be employed, selected from a range of printing and spraying techniques as well as 
doctor blade and spin coating. In general, a drying step is performed immediately after 
precursor deposition in order to immobilise the precursor particles on the substrate.  
While the choice of deposition method has been found to be relatively unimportant for 
particulate precursor deposition, ensuring that the technique is able to form a coating of 
uniform thickness free from agglomerations can still present some difficulties. 
Agglomeration of dispersed particles can lead to different settling rates of nano-particles in 
solution and hence stoichiometry deviations between the precursor ink and deposited layers  
[149].  This can be avoided by the addition of organic dispersants, however, these tend to 
leave organic residues in the layers after sintering [150]. After deposition, agglomerate 
formation can lead to in-homogeneities in the composition of the precursor layers and rough 
morphology. 
Printing techniques were reported to lead to improved packing densities relative to spray 
techniques [150] as was the use of rounded particles as opposed to randomly shaped ones 
[151].  High packing density in the precursor layers is considered desirable for the formation 
of chalcopyrite layers with smooth surfaces that are free from voids and in protecting the 
back contact from excessive interaction with the sintering atmosphere. 
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3.3.3 Precursor material choice and conversion kinetics  
The greatest degree of composition control should be achieved by synthesising particles of 
the desired absorber material and coating these onto a substrate, as in-homogeneities in the 
deposition will only lead to relatively benign thickness variation and have no effect on 
stoichiometry [152]. Attempts to use such layers without sintering have produced only 
limited photovoltaic response [153].  However, sintering such materials is difficult since the 
high melting point of Cu(In, Ga)Se2 leads to very limited sintering at the temperatures 
accessible on low-cost substrates [154]. Similar problems are encountered when using 
atomically mixed ternary and quaternary precursor particles, probably due to the formation of 
the chalcopyrite phase at very low temperatures, before significant inter-particle sintering has 
occurred [155, 156]. The resulting cracks and voids in the poorly sintered layers allow easy 
penetration of Se to the Mo back contact during selenization and lead to excessive MoSex 
formation.  As discussed in Chapter 2, the presence of a MoSex layer at the Cu(In, Ga)Se2/Mo 
interface is desirable only if it is not too thick, whereupon it may act as a barrier to current 
collection and increase series resistance.  The use of excess Se powder as a flux was reported 
to lead to sintering and grain growth for Cu-rich precursor layers, however the resulting 
chalcopyrite layers tended to contain large voids and cells did not exceed 2.2% efficiency 
[157-159].  Improved sintering is reported when copper selenides are added as fluxes to Cu-
poor chalcopyrite powders so long as the final composition is Cu-rich [159].  Etching such 
layers in KCN to remove the resulting excess copper selenides has led to efficiencies of 2.7% 
[160]. Use of the low melting point chalcopyrite CuTlSe2 as a fluxing agent led to improved 
sintering of Cu-poor absorbers with comparable cell efficiencies to the best Cu-rich ones 
produced with other fluxes [161].  However, CuTlSe2 was not found to alloy with CuInSe2 
except in the presence of S and it had a strong effect on the electrical properties of the layers. 
One recent attempt to print Cu(In, Ga)Se2 layers from Cu-poor ternary CuInSe2 particles 
appears to have achieved good sintering without a fluxing agent. Sphalerite nanoparticles of 
CuInSe2 were converted into a well sintered chalcopyrite layer at 550°C, as evinced by cross-
sectional SEM micrographs, resulting in 2.7% efficient solar cells [162]. 
More success has been realised with the use of particles containing phases other than the 
desired absorber phase.  These allow the annealing process to make use of intermediate 
fluxing phases and volume expansions to achieve good sintering without the requirement to 
use overall Cu-rich compositions.  The earliest attempts used mixed Cu and In powders, 
however, problems were encountered with the large grain size of the powders [157].  The use 
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of smaller Cu and In nano-powders led to good densification and grain growth due to the 
volume expansion during selenization.  However the fine In powder was reported to oxidise 
during handling and processing, leading to an In2O3 phase that could not be converted to 
selenide by annealing with Se vapour [149, 156].  Incomplete propagation of the selenization 
reaction through the layer was also observed, leading to a well sintered crust above a more 
finely grained bulk [156]. 
Significant improvements were obtained by the use of CuIn alloy powders which are more 
easily milled and more resistant to oxidation during handling than elemental powders [163].  
Formation of a dense crust over a poorly sintered bulk was again reported following 
selenization with H2Se [164], though compressing the alloy precursor prior to sintering was 
shown to increase the relative crust thickness, as observed for selenide precursor layers [155].  
Despite the inhomogeneous sintering, cells of 10-11% efficiency and 7% efficiency sub-
modules were reported.  The use of finer, nano-sized particles raised this to 10-13% for the 
small area cells [151].  H2Se is known to be more efficient at selenizing precursors into 
CuInSe2 than Se vapour [165] and so this may account for some of the improvements in cell 
efficiency, as might the use of wetting agents and dispersants to prevent the formation of 
agglomerates during deposition.  CuIn alloy powders have also been used as the starting 
material for the growth of CuInSe2 monograins.  When these were coated in CdS and 
dispersed in an epoxy, cells of 9.5% efficiency were reported.  However the absorber layers 
are typically 100 microns thick, presumably for processing reasons, resulting in higher 
material utilization than thin-film absorbers [166]. 
The two most successful approaches to Cu(In, Ga)Se2 formation from particulates use multi-
phase precursor particles containing either oxides or selenides.  Direct selenization of oxide 
nano-particles was reported to lead to cell efficiencies of 11.7% and monolithically integrated 
mini-modules of 5% [167].  While oxide precursors undergo a 2-3× volume expansion during 
selenization in a similar way to metallic precursors, this method was reported to lead to 
incomplete densification of the precursor layers and to leave the back contact open to attack 
from the Se ambient during annealing [168].  A more successful approach was reported by 
ISET, which overcomes the difficulty of converting mixed-oxide particles into a smooth, 
well-sintered chalcogenide absorber layer by use of an aggressive two-stage conversion 
treatment [169].  After deposition and drying, the oxide particles are first reduced using 
H2/N2 to form a Cu-In-Ga metallic alloy that is readily selenized in the second stage by 
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H2Se/N2. Cells fabricated by the ISET method have exhibited efficiencies up to 13.6% on 
glass substrates and 10% on metal and plastic foils [170].  Segregation of Ga to the back 
contact is an issue for this method [171] just as it is for selenization of vacuum deposited Cu-
In-Ga alloys [172].  This leads to reduced open circuit voltage, which might be raised by a 
proposed sulphurization step using H2S/N2 [169, 171]. Despite some evidence of carbon 
contamination, presumably from additives included in the ink, this method has demonstrated 
homogeneous cell efficiencies above 10% across 90cm2 flexible substrates [171].  
The other highly successful technique for producing Cu(In, Ga)Se2 cells from particulate 
precursors uses selenide nano-particles containing copper selenide and indium selenide 
phases. This formulation aims to access the liquid assisted fluxing of copper selenide phases 
while retaining overall Cu-poor stoichiometry.  Attempts to use core-shell nano-particles, 
where an InSe core is coated in CuSe have so far led to only low efficiency devices [173].  
However, Nanosolar have reported 14% efficient cells using mixed selenide nanoparticles 
and a single-stage annealing treatment [174].  As with ISET’s method, segregation of Ga 
towards the back contact is reported for layers produced by Nanosolar.  This has been shown 
to be sensitive to the presence of Na in the layers, in the same way as for co-evaporated 
Cu(In, Ga)Se2 [55, 62, 175].  
To the best of the authors’ knowledge, only a single attempt to deposit and sinter CuInS2 by 
particulate means has been made, using CuInS2 particles precipitated from aqueous solution.  
No PV devices have been reported [176]. 
3.4 Other solution deposition methods 
3.4.1 Introduction 
The final category of approaches to non-vacuum chalcopyrite deposition is similar to 
particulate deposition in that a precursor solution is mechanically coated onto a substrate and 
then dried before an annealing treatment is applied to form chalcopyrite.  However, the use of 
solutions rather than particulate slurries overcomes some of the problems related to inter-
particle sintering.  Unfortunately, additional problems are introduced related to purity and 
phase segregation. Approaches using such solution precursors can be broadly sub-categorized 
as being based on: 
1. Metal salt precursors; 
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2. Organometallic precursors; 
3. Hydrazine-related precursors. 
Despite the longest history of non-vacuum deposition research for Cu(In, Ga)Se2 deposition, 
it is only the recent introduction of hydrazine-related precursors that has led to PV devices 
with efficiency in the range 10-12% for solution precursors. The following sections will 
consider each of these sub-categories of precursors in turn. 
3.4.2 Metal salt precursors 
The use of metal salts (e.g. chlorides and nitrates) is perhaps the most intuitive way to 
introduce the constituent elements into a precursor solution, since these salts offer good 
solubility in water and alcohol. Without a binding agent, metal salt solutions have low 
viscosity and therefore spray pyrolysis (pneumatic, ultrasonic or electrostatic) is typically 
used to produce a thick film. This technique has been used to deposit chalcopyrite since the 
late 1970s [32] and most techniques have focussed on direct formation of chalcopyrite during 
deposition, as opposed to formation of a precursor structure.  Early investigations used CuCl, 
InCl3 and N,N
’-dimethylselenourea in strongly acidic solution.  It was reported that the 
deposited layers contained sphalerite rather than chalcopyrite CuInSe2 as would be expected 
for the deposition temperature but that post deposition annealing at 400°C could convert the 
films to chalcopyrite phase [177, 178].  These films often contained secondary phases of 
In2O3 and Cu2-xSe.  Further work rapidly established that single phase chalcopyrite films 
could be deposited directly by slightly increasing the pH [34] or by using CuCl2 in place of 
CuCl [179].  CdS/CuInSe2 solar cells made from these absorbers were reported to have open 
circuit voltages of almost 560mV following a 200°C heat treatment in air, though with very 
low fill factors and short circuit currents.  The preferred Se source for solution deposition was 
N,N’-dimethylselenourea, however, this was found to be unstable in water [177] and also 
upon exposure to light and oxygen [180].  These difficulties could be overcome somewhat by 
using a mixture of ethanol and water as the spray solvent and by keeping the solutions and 
spray equipment in the dark while spraying in inert atmosphere. 
Many early sprayed absorbers were incorporated into all-sprayed devices and efficiencies of 
3% and 5% were reported for CuInS2 [181] and CuInSe2 [182], respectively and the device 
reported for CuInSe2 remains the most efficient reported for both sprayed absorbers and 
completely non-vacuum deposited Cu(In, Ga)(Se, S)2 devices in general. 
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Higher efficiencies would be expected for Ga-containing absorbers, however more recent 
work to deposit Cu(In, Ga)Se2 by spray pyrolysis has not reported any improvement in 
efficiency over previous, Ga-free, devices [183, 184]. 
During spray-pyrolysis deposition, the substrate is generally held at a temperature between 
260°C and 450°C.  At temperatures below 300 °C, impurities from the precursor (i.e. C, Cl, 
N) remain in the resulting films at very high levels (>5 mass %) [185] while above 
approximately 400°C, a loss of S and Se has typically been noted, resulting in the formation 
of oxides [32, 185].  In an effort to control the levels of impurities, film processing therefore 
generally occurs in the temperature range 300°C to 400°C and/or the films are subjected to a 
post-deposition heat treatment in a strongly reducing (e.g. H2) or a chalcogen (e.g. H2S) 
atmosphere.  However, temperature control during spray depositions is challenging as the 
carrier gas and solvent both cool the substrate, leading to large fluctuations in temperature 
during deposition. 
Pyrolysis of chalcogen-free sprays was investigated to produce Cu-In oxide layers that could 
be converted to CuInSe2 by annealing with Se vapour.  The process was reported to produce 
chalcopyrite layers free from secondary phases though no devices were produced [186].  
There are no reports in the literature of this approach being combined with ISET’s two-stage 
reduction and selenization treatment, which might be expected to produce improved results 
compared to annealing with Se vapour. 
A modification of the spray pyrolysis method that has been applied to the deposition of 
CuInS2 and Cu(In, Ga)Se2 is the aforementioned Ion Layer Gas Reaction (ILGAR).  Cations 
are deposited onto a substrate either in solution or from an aerosol and then exposed to an 
atmosphere of H2S, forming a thin layer of CuInS2 [187-190].  This process is repeated until 
the desired thickness is built up.  Devices of up to 4% efficiency have been reported, however 
these suffered from carbon contamination from the organic Cu salt that was employed [190]. 
By mixing salt solutions with binders or chelating agents their viscosity may be increased and 
techniques other than spray pyrolysis may be used for deposition.  Doctor blade deposited 
pastes prepared by mixing a metal salt solution in methanol with an additive to increase the 
solution viscosity were reported to lead to solar cells of up to 6.7% efficiency after 
selenization [191]. However, similar to ILGAR, this approach led to the incorporation of a 
large fraction of carbon into the selenized structure that caused poor adhesion of the absorber 
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to the Mo back contact [191].  Mixing Cu and In acetates in a solution containing water, 
ethanol and either triethanolamine or diethanolamine was reported to yield a precursor 
solution that could be spin coated onto a substrate.  Upon heating to between 250°C and 
380°C, this precursor formed a metal compound layer.  A single-step high temperature 
(450°C ≤ T ≤  550°C) combined reduction and sulphurization process, using ethanol-
saturated nitrogen gas and elemental S, was employed to produce CuInS2 [192], though no 
cells were reported. 
3.4.3 Organometallic precursors 
Organometallic precursors are another route to molecular-level mixing of the component 
elements of Cu(In, Ga)Se2  in a solution. The use of spin-coated mixed Cu and In naphthenate 
solution has been reported.  By subjecting the deposited wet film to a heat treatment at 450 
°C in a N2/H2 ambient, layers with thickness of approximately 250nm could be deposited. 
Thicker layers were built up by superposing layers with various Cu/In ratios and these were 
selenized with Se vapour [193, 194]. 
An alternative organometallic approach is the synthesis of single source organometallic 
precursors containing all of the elements in the target compound, for example (Ph3P)2-Cu(µ-
SEt)2In(SEt)2 for CuInS2. This approach was first reported in 1993 [195] and chalcopyrite 
layers can be formed using compounds such as this by spray chemical vapour deposition 
(CVD) [196].  Compared to spray pyrolysis deposited films, relatively large grains are 
observed for this technique.  However, while cleaner than spray pyrolysis, secondary ion 
mass spectrometry (SIMS) analysis of spray CVD CuInS2 films still indicated that small 
amounts of O, C and P (0.4, 0.04, and 0.03 at.% respectively) exist in the final product. 
Recently, CuInS2 devices with 1.0 % efficiency have been reported for this method [197]. 
3.4.4 Hydrazine-based and related approaches 
In this approach, hydrazinium precursors are prepared by mixing metal chalcogenides and 
chalcogens in hydrazine [198]. This forms clear, stable solutions of Cu, In and Ga binary 
chalcogenides (with extra chalcogen if required) that can be mixed at the desired 
stoichiometry and coated onto substrates.  Only spin coating has been reported for this 
method so far and several coating/drying cycles are required to build up the desired layer 
thickness.  Upon heating, the volatile hydrazine species leave the precursor layer and a 
chalcopyrite thin film is formed directly, without the necessity of reduction or selenization.  
The key point that enables the simplification of the post-deposition step is that all required 
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elements are contained in the solution (including extra chalcogen), but no extra elements 
(e.g., C, O, Cl) are included other than N and H from the weakly coordinating solvent 
hydrazine.  Upon heating hydrazine decomposes cleanly to N2 and H2 or NH3 and H2.  
The hydrazine-based process can also readily accommodate Ga and beneficial impurities 
such as sodium selenide.  Additionally, detrimental Ga migration is reported to be less of a 
problem for this method than for particulate methods and control of the Ga gradient has been 
demonstrated by adjusting the solution composition between deposition cycles [199]. 
Both CuInSe2 and Cu(In, Ga)Se2 devices have been demonstrated from hydrazine precursors.  
Despite only being first reported in 2008, Cu(In, Ga)Se2 cells with efficiency up to 12.3% 
have been achieved [199, 200]. 
Hydrazine is a highly reactive, toxic material and the precursor preparation and deposition 
must be performed under an inert atmosphere.  Large-scale industrial production of 
Cu(In, Ga)Se2 using this method will therefore require strict operational regulations and 
rigorous safety precautions.  Ideally, a more environmentally friendly solvent might be found 
that continues to offer the benefits of hydrazine, i.e. a strongly reducing solvent that 
decomposes very cleanly.  
To try and reduce the environmental requirements, research into alternative solvents has been 
performed with the goal of making the process compatible with atmospheric processing. A 
mixed solvent of dimethyl sulfoxide and ethanolamine was reported for In2Se3 deposition 
[201].  While still a corrosive and moderately toxic solvent, the safety characteristics of 
ethanolamine make its use more desirable than that of hydrazine and make the deposition 
process possible in air.  However, initial preparation of the In2Se3 source material still 
required dissolution of In2Se3 in hydrazine and drying to form a powder. Although the safety 
characteristics of hydrazine-free precursor solutions are desirable, there is a potential for 
incorporating impurities from the solvent (e.g., C), which might have adverse effects on the 
device performance. So far device results have not been reported for films prepared using 
these approaches. 
3.5 Discussion and prospects 
A low-cost deposition process with fast-throughput, high material utilization efficiency and 
the capability to handle large-area substrates could significantly aid the realization of low-
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cost thin-film chalcopyrite PV manufacturing.  By combining high energy conversion 
efficiencies with low-cost processing, non-vacuum deposition may provide a viable path to 
grid parity for thin-film PV. Research into such a process has been performed for thirty years 
now and the evolution of PV device efficiencies is charted in Figure 10. 
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Figure 10: Evolution of the conversion efficiency of non-vacuum Cu(In, Ga)(Se, S)2 solar cells.  The 
evolution of the world record Cu(In, Ga)Se2 solar cell efficiency is shown for comparison and it can be 
seen that the gap between the world record device and non-vacuum devices has closed significantly in 
recent years. 
Following a long development period, five processes for forming a precursor to high-quality 
chalcopyrite absorber layers have now demonstrated cell efficiencies of 10-14% and 
significantly closed the gap between vacuum and non-vacuum deposited chalcopyrite solar 
cells. Two of these processes are based on the deposition of particulate inks [170, 174], one 
on hydrazine solutions [198], one on simultaneous electrodeposition of Cu, In and Se [92] 
and one on simultaneous electrodeposition of Cu, In, Ga and Se [106].  These results are 
extremely encouraging and all of the processes are being actively commercialised or offered 
for license.   
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The Solopower approach has been the most successfully demonstrated non-vacuum 
deposition process so far, with flexible, 1m2 modules of almost 9% efficiency having been 
demonstrated to pass 1000 hour damp heat tests [106].  However, electrodeposition is often 
considered to be a difficult technique to scale-up for large area, high-speed processing.  The 
hydrazine approach has the advantage that it requires only heating to convert the precursor 
layer to chalcopyrite, whereas the particulate and electrodeposition precursors require 
annealing with a chalcogen source and in one case a reduction step [171].  The success of this 
method depends on the use of an inert atmosphere and the strongly reducing, carbon-free 
solvent hydrazine.  The requirement for an inert atmosphere may be restrictive and/or 
expensive on an industrial scale, however, the use of alternative solvents is likely to re-
introduce the problems suffered by the salt-based and organometallic precursors, namely: 
1. Phase segregation and inhomogeneous crystallization during the drying of thick 
solution-deposited precursor films; 
2. Unwanted impurities such as chlorine, oxygen and organic contaminants; 
3. Oxide phases formed during processing in an oxygen containing ambient without a 
strongly reducing solvent. 
Phase segregation is not reported to be a problem for hydrazinium precursors but has caused 
problems for alcohol based solvents so might be expected to occur if compromise solvents 
were used.  Impurities are difficult to remove from chalcopyrite films once incorporated, and 
while chlorine and oxygen may be removed by aggressive reduction and chalcogenization 
techniques such as used by ISET, these techniques are unable to remove carbon impurities 
incorporated from the solvent. 
As well as their obvious success and perhaps because of it, these approaches have in common 
that they are amongst the most complex approaches discussed in the preceding Sections.  
While they are still significantly simpler to implement than vacuum based techniques (though 
this is not necessarily true of the hydrazine based approach), the development of a technique 
with the comparative simplicity of chemical bath deposition or spray pyrolysis would 
potentially offer greater manufacturing cost reductions. 
Chapter 5 will introduce an electroless technique, ion exchange, for the homogeneous 
incorporation of an element into a compound layer from solution.  Ion exchange proceeds 
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only at the targeted film surface and so does not waste reactants like CBD.  Ion exchange is 
technologically very simple and will be shown to have potential as a processing stage during 
the non-vacuum preparation of precursor layers to chalcopyrite absorbers. 
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4 Characterization techniques 
4.1 Structural characterization 
4.1.1 X-ray diffraction 
Powder x-ray diffraction (XRD) measurements were used to determine the crystalline phases 
present in layers prepared during this work.  Such measurements are described in text books 
including the one by Pecharsky [202].  Diffractograms were recorded in reflection mode with 
monochromated Cu Kα1 radiation using a position sensitive detector.  Measurements were 
performed with Bruker diffractometers at the ETHZ and Loughborough University.  All of 
the samples prepared during this work were sufficiently thin that the XRD signal was 
generated from the entire depth of the layers.  In cases where the films were deposited onto 
Mo coated substrates, this allowed the software package EVA to be used to overcome any 
small (typically < 0.2°) offsets resulting from the vertical positioning of the samples in the 
sample holder.  This was achieved by using the Mo (100) reflection as an internal standard 
(JCPDS 42-1120).  Peak identification was performed manually using the EVA software and 
the Joint Committee on Powder Diffraction Standards (JCPDS) Powder Diffraction Files. 
As described in Chapter 2, CuInSe2 crystallises in three different polytypes.  Differentiation 
of these is possible due to the extra reflections present in the diffraction patterns of CH and 
CA ordered CuInSe2 (as compared to sphalerite material) due to the differing periodicities of 
the cation sub-lattice.  Additionally, the distortion caused by the different natures of Cu-Se 
and (In,Ga)-Se bonds causes peaks that should overlap completely in randomly ordered 
material to shift slightly relative to one another in CH and CA ordered material, causing a 
peak splitting (tetragonal splitting).  Unfortunately, many of the binary phases found in the 
Cu-In-Ga-Se-S system have principle diffraction peaks that overlap with those of the 
chalcopyrite phase and this makes positive identification of the structure of mixed phase 
films difficult by XRD alone. 
4.1.2 Raman spectroscopy 
Raman spectroscopy was used to overcome the difficulties in distinguishing binary and 
multinary phases by XRD, since materials that exhibit similar diffraction patterns may have 
very different phonon spectra.  This is especially true for Cu(In, Ga)(Se, S)2 and binary 
copper selenides, which are both strongly Raman active and have well separated active 
phonon modes.  A Jobin-Yvon LabRam HR system was used to collect un-polarised micro-
Raman spectra using a x10 objective lens and a He-Ne laser (λ = 632.817 nm), systems of 
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this design are described in text books such as that edited by Weber and Roberto [203].  Since 
Cu(In, Ga)(Se, S)2 and many of the related binary compounds are strongly absorbing at this 
wavelength, Raman spectroscopy is quasi-surface sensitive, with a probe volume estimated to 
extend at most a few hundred nanometers into the layer. 
The micro-Raman system used in this work was fitted with a holographic notch filter to block 
Rayleigh scattered light.  In order to completely remove the high intensity Rayleigh scattered 
light such filters are required to block a relatively wide band of wavelengths when used on 
their own.  Therefore, it was not possible to record any Raman scattering data for 
wavenumber shifts below 100cm-1.  This caused difficulties in distinguishing between 
different binary copper selenide phases as these materials have similar phonon spectra at 
higher wavenumber shifts and are only clearly distinguished by peaks between 50cm-1 and 
100cm-1. 
4.1.3 Scanning electron microscopy 
Scanning electron microscopy (SEM) was used to investigate the morphology and cross-
section of samples.  All of the micrographs presented here are secondary electron images 
captured on a Carl Zeiss field emission microscope at Loughborough University using the in-
lens detector and 5keV primary electrons.  Cross section samples were prepared by scribing 
the back side of samples and then breaking them by hand.  Occasionally, this led to 
delamination of the entire layer stack from the glass substrate along the cleaved edge.  Also, 
in the case of completed cells, debris from the ZnO layer sometimes stuck to the face of the 
chalcopyrite layer.  Cross section images were sputter coated in a few nanometres of gold 
prior to imaging to prevent charging of the glass substrates.  In cases where the gold coating 
was slightly thicker than optimal, a fine-grained texture may be seen on the surface of the 
samples’ grains. 
4.2 Composition analysis 
4.2.1 Bulk composition 
Energy dispersive X-ray spectroscopy (EDX) was used as the main tool for determining 
sample composition during this work, measurements were performed with 20keV electrons 
using a tungsten filament SEM and Si:Li energy analyser.  General information regarding 
EDX measurements is provided in text books such as the one by Goldstein [204].  Under 
appropriate conditions, compositions calculated by EDX can be accurate to greater than 
±1 at.%, however such conditions are not always encountered when measuring thin film 
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chalcopyrites [205].  In particular, EDX analysis of compositionally graded layers can 
produce serious inaccuracies since the quantification software that converts raw X-ray counts 
into composition measurements assumes that the material is homogeneous throughout the X-
ray generation volume.  Additionally, at 20keV the X-ray generation volume only extends 
~1.5 microns into chalcopyrite layers.  For layers thicker than this any material at the rear of 
the layer is not included in the composition assessment. 
X-ray fluorescence measurements (XRF) offer a solution to the problems associated with 
EDX and layers with graded composition.  High energy X-rays are used to homogeneously 
excite the X-ray emission from a sample material throughout its entire bulk.  The 
composition of chalcopyrite layers has been shown to be proportional to the relative 
intensities of the excited X-ray signals and so quantitative composition measurements can be 
made with an appropriate reference [205].  Cu(In, Ga)Se2 from ZSW, Stütgart, was used as a 
calibration reference for the XRF measurements performed in this work and accuracy of 
approximately ±1at.% was achieved. 
4.2.2 Depth profiling 
Compositional depth profiles were measured by X-ray photoelectron spectroscopy (XPS), 
secondary ion mass spectrometry (SIMS) and Time-of-flight secondary ion mass 
spectroscopy (ToF-SIMS).  XPS measurements were performed by Ulrich Müller at EMPA 
using Al Kα radiation (hν=1486.6eV) and a 4kV Ar-ion sputter gun.  SIMS measurements 
were performed by Gerhard Bilger at IPE using O2 primary ions and ToF-SIMS 
measurements were performed by David Scurr at the University of Nottingham using Bi3
+ 
ions for analysis.  Depth profiling is achieved with all three techniques by measuring surface 
composition and then using ions to sputter away a layer of material before making another 
surface composition measurement.  This cycle which is repeated until the desired depth has 
been profiled.  Sputter rates may vary significantly between materials of different 
compositions and hence through the depth of compositionally graded layers.  Data points 
measured after equal sputtering intervals are therefore not necessarily uniformly distributed 
throughout the depth of the layer.  Data collected from the top hundred nanometres or so of 
samples that have been exposed to the air are considered to be unreliable since they are often 
dominated by oxygen and carbon-based contamination.  Additionally, forward sputtering 
effects, where the sputtering ions drive atoms at the surface of the layer into the bulk, lead to 
a smearing out of sharp features in the depth profiles.  Performing quantitative composition 
measurements of chalcopyrite material with these techniques is an extremely difficult task 
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and requires extensive background experiments to determine instrument sensitivities and 
accuracies.  Such measurements were beyond the scope of this work and so only qualitative 
depth profiles are presented in this thesis. 
4.3 Discussion of materials characterization approaches 
+ote: This Section was added after my PhD viva in order to provide some indication of the 
characterisation techniques that could be applied to further the work presented here. 
To a certain extent, selection of the characterization methods that were employed routinely 
throughout this work was dictated by the range of equipment that was available to use 
without excessive cost, namely: profilometry; SEM; EDX and XRD.  When certain specific 
questions arose, appropriate measurements by additional techniques were brought in, such as 
XRF, XPS and (ToF) SIMS.  However, it is interesting to consider which techniques would 
have been employed had availability and cost not been an issue.  Profilometry and SEM 
would have remained the key techniques for determination of layer microstructure and while 
atomic force microscopy may have provided some higher resolution roughness information it 
is unlikely that it would have had a substantial effect on the research.  The use of electron 
back scatter diffraction and transmission electron microscopy may have provided additional 
information about the structure of the layers, in particular which structural defects were most 
commonly present in the layers, e.g. twin planes and grain boundaries.  Additionally, 
transmission electron microscopy, in combination with high-resolution electron probe 
microanalysis may have provided some additional evidence for the presence and location of 
excess sodium within the modified precursor layers. 
With regards to structural analysis, two additional XRD techniques could have been usefully 
employed.  The first is glancing incidence XRD.  In this technique, for a given measurement, 
the incoming X-ray beam is incident at a fixed angle to the sample surface and the detector is 
moved to collect the theta – 2 theta scan.  In successive measurements the angle of incidence 
is varied systematically, typically from a very small angle (e.g. 0.25°) to a larger one (several 
degrees).  The measurements performed at small angle of incidence are more surface 
sensitive than those performed at higher angles and so some indication of the distribution of 
phases through the depth of a sample can be determined.  This would have been useful during 
this work as both the precursor layers and some of the absorber layers exhibited graded 
compositional depth profiles.  The second XRD technique that would have been useful is in 
situ, high temperature XRD during reactive annealing.  Typically in these systems, some 
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form of charge-coupled-device detector is used to acquire sequential X-ray diffractograms at 
high speed from a sample during selenization.  This would have provided more direct 
evidence for the reaction mechanism that was determined to occur for the conversion of the 
precursor layers into Cu(In, Ga)(Se, S)2 during selenization.  The use of a relatively new 
technique that has only recently been applied to thin film PV, namely high resolution tip-
enhanced Raman spectroscopy, may have provided extremely useful information about the 
distribution of phases throughout the depth of the layers and thereby supported glancing 
incidence XRD measurements.  The combination of these two measurements would have 
been particularly useful in determining the presence (or absence) of a Cu-depleted ODC layer 
at the surface of Cu(In, Ga)(Se, S)2 layers produced during this work. 
With regards to chemical analysis, there is no one ideal technique for dealing with thin films 
of graded composition, or thin films stacks where successive layers in the stack have one or 
more elements in common.  The combination of EDX and XRF that was employed during 
this work is considered to have been adequate, though far greater use of XRF would have 
been made for characterizing the precursor layers had it been available from earlier on in the 
project. 
Finally, a wide range of defect spectroscopy techniques, both optical (e.g. photoelectron 
spectroscopy) and electronic (e.g. admittance spectroscopy), have been applied to Cu(In, 
Ga)(Se, S)2 in the literature.  An appropriate combination of these would provide valuable 
information in determining the limiting mechanisms affecting the efficiency of solar cells 
produced during this work, for example the presence of trap states in the absorber band gap 
due to impurities. 
4.4 Device characterization 
The quality of solar cells made during this work was primarily assessed by current-voltage 
measurements performed under approximated STC (AM1.5G, 1000W/m2, 25°C).  
Illumination was provided by either tungsten filament or filtered xenon short-arc lamps and 
while these provide only an approximation of the standard AM1.5G spectrum the 
measurements were sufficient for a first estimation of device quality.  All of the parameters 
used to describe the operating characteristics of a solar cell in Equation 3 can be calculated 
from the current-voltage measurement of a solar cell.  However, in reality the fit to this 
equation is normally less than ideal and a further parameter must be defined.  This diode 
ideality factor, A, is used to scale the denominator in the exponential term of Equation 3.  The 
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value of A gives information about the dominant recombination mechanism active within a 
solar cell.  A value of 1 indicates ideal behaviour, with recombination occurring only in the 
quasi-neutral region of the solar cell, while a value of 2 indicates recombination by a single 
defect level in the space charge region (Shockley-Read-Hall recombination).  Intermediate 
values indicate a distribution of trap state energies and locations.  For heterojunction solar 
cells such as Cu(In, Ga)(Se, S)2, values greater than 2 are possible due to tunnelling assisted 
recombination across the heterointerface via high densities of trap states at the 
CdS/Cu(In, Ga)(Se, S)2 interface.  Such levels are indicated on the schematic band gap 
energy diagram of a Cu(In, Ga)Se2 solar cell that is shown in Figure 11 [206].  The simplest 
method for estimating the value of A is to calculate the gradient of a plot of ln(I) versus V for 
a device measured in the dark.  Additionally, extrapolating this plot to 0 V gives the value of 
the saturation current for the device. 
 
Figure 11: Schematic band gap profile of a Cu(In, Ga)(Se, S)2 solar cell.  The possible location of 
interfacial trap states are shown at the CdS/Cu(In, Ga)(Se, S)2 interface.  Such states can promote 
tunnelling enhanced recombination.  Adapted from [206]. 
In addition to current-voltage measurements, a limited number of external quantum efficiency 
(EQE) measurements were made on solar cells processed during this work.  EQE is defined 
as the ratio of electrons extracted from a solar cell to the number of photons incident on the 
cell, as a function of wavelength.  EQE measurements give two principal pieces of 
information, firstly, the intercept with the wavelength axis of a fit to the long wavelength cut-
off of an EQE curve can give information about the minimum band gap energy of the 
absorber layer.  Secondly, low relative EQE in certain wavelength bands can indicate 
problems with either carrier generation or collection.  For example, low EQE at long 
wavelengths relative to short wavelengths can indicate that either the absorber layer is too 
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Fermi energy 
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thin to absorb all of the incident light or that the minority carrier lifetime within the absorber 
layer is too short to extract all of the generated excess minority carriers. 
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5 Ion exchange processing of precursor layers 
5.1 Scope of this Chapter 
This Chapter reports the development of a solution-based reaction that converts an indium 
gallium selenide initial precursor layer into a modified precursor structure containing all of 
the Cu, In and Ga required to process a chalcopyrite thin film absorber.  This approach has 
the potential to require simpler, lower-cost deposition equipment than other non-vacuum 
precursor layer formation approaches.  The precursor preparation process will be described 
and characterization of the initial and modified precursor layers will be presented.  
Characterization of the precursor layers supports the conclusion that an ion exchange reaction 
is responsible for incorporation of Cu into the indium gallium selenide initial precursor layers 
from solution and the mechanism of this process will be discussed.   
5.2 Background 
5.2.1 Introduction to ion exchange 
When a solid compound is placed in contact with a second material (solid, liquid or gas) there 
is the possibility for a reaction to occur between them.  Many different kinds of reactions can 
occur, one of which is ion exchange.  Ion exchange reactions involve the reversible swapping 
of ions in a solid material for ions in another material, with no involvement of the oppositely 
charged ions.  Such a reaction is illustrated schematically in Figure 12 and described by 
Equation 4. 
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Figure 12: Left) Schematic illustration of a cation exchange reaction between a solid and a liquid.  A 
cation from solution (red) takes the place of an atom in the solid (blue), which enters the solution as an 
ion.  Right)  For the exchange reaction to proceed beyond the surface, the reaction product layer must 
conduct both types of participating ion. 
AB(solid) + C
+ + D- ↔ CB(solid) + A
+ + D-  
Such reactions are used extensively in industrial processes such as the purification of water.  
In these processes the ion exchange reaction occurs between a solution and beads of a 
polymer matrix that contain large mobile groups capable of exchanging ions.  It is these 
processes that are the primary focus of ion exchange text books [207].  However, ion 
exchange reactions also find application in the synthesis of inorganic solids, where they may 
be used to convert one material into another.  The use of such methods to form optoelectronic 
devices from Group II-VI crystals and thin films is reviewed by Fedorov [208].  While the 
basic concepts of the ion exchange reactions that are covered in textbooks are applicable to 
inorganic thin films, many of the more detailed concepts and analyses are inapplicable since 
the structure of the participating materials is so different.  The basic considerations relevant 
to ion exchange reactions as applied to inorganic thin film PV are detailed below. 
An ion exchange reaction occurs at the interface between two phases, typically at 
temperatures much lower than would be required for the involved species to react under other 
conditions.  There are two principal driving forces for the reaction: the concentration gradient 
of species across the interface between the two phases and the properties of the different 
phases involved. Considering an ion exchange reaction between a solution and a barely-
soluble solid, if the concentration gradient alone were responsible for driving the ion 
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exchange reaction then it would be easily reversed by changing the species present in the 
solution.  However, there will be a difference in free energy between the two sides of 
Equation 4 and if this is sufficiently large then the reaction may be effectively irreversible.  It 
is reported that ion exchange reactions between solutions and barely-soluble solids are largely 
driven by differences in the solubility of the phases involved.  Solubility data may be used to 
predict with some success which reactions will occur [209], however, other kinetic 
limitations may make a given reaction very slow [210]. 
In a given ion exchange reaction, either cations or anions can be exchanged while the 
oppositely charged ions (referred to as the co-ions) in general do not participate in the 
reaction at all [207].  While Figure 12 shows the exchange of one ion in solution for one ion 
in the solid, the total number of ions being exchanged in each direction is not required to be 
equal, e.g. two ions from a solution may take the place of a single ion in the solid.  The 
quantity that must be transferred equally in either direction is instead charge.  If charge were 
not transferred equally in both directions during an ion exchange reaction then an electric 
field would rapidly be established and would act to prevent further transfer of ions.  In the 
case of ion exchange involving inorganic thin films or nano-structures, ions exchanged into 
the solid state are bound into the lattice.  The product of the reaction thereby forms a layer at 
the interface that separates the two reactants as shown in Figure 12.  Therefore, for the 
reaction to progress beyond a few monolayers of the surface, the product layer must be able 
to conduct both species of ions involved in the exchange.  As a result, diffusion kinetics 
should govern the reaction speed as participating ions are transported due to concentration 
gradients across the product layer (and Nernst diffusion layer for solution-based reactions).  
However, since the migrating species are ions, their diffusion results in opposed electrical 
currents which must be of equal magnitude to prevent a fixed charge building up.  The 
interdependence of the concentration gradient and electrical driving forces makes derivation 
of analytical rate equations difficult for ion exchange reactions and this has been achieved 
only for a few model systems [207]. 
5.2.2 Previous applications of ion exchange to photovoltaics 
One ion exchange reaction is particularly well known in the field of photovoltaics as it was 
employed to produce relatively high efficiency thin film Cu2S-CdS solar cells by many 
research groups [211].  This solid-solution cation exchange reaction is known as the Clevite 
process as it was initially developed by the Clevite Corporation.  However, the process was 
often referred to as chemiplating as well and an alternative, solid-solid version of the reaction 
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was developed by Phillips [212].  In the Clevite process, thin films of CdS are immersed in 
aqueous solutions of CuCl held at just below their boiling point for up to a few tens of 
seconds.  The solution in which an ion exchange reaction is performed is often referred to as 
an ion exchange bath.  Immersion in the CuCl ion exchange bath converts the surface portion 
of the CdS layer into Cu2S, thereby forming a heterojunction between the n-type CdS and the 
p-type Cu2S.  Despite realising devices of 9% efficiency [213], the efficiency of Cu2S-CdS 
solar cells was observed to decrease over time.  The cause of this degradation was identified 
as the migration of Cu (from the Cu2S layer) along grain boundaries in the CdS.  When this 
Cu reached the back contact of the device it created low-resistivity shunt paths and short 
circuited the devices.  As a result, research into Cu2S/CdS solar cells was more or less 
universally discontinued. 
 
Figure 13: Illustration of the Clevite process for forming Cu2S/CdS thin film solar cells from CdS initial 
precursor layers. 
Research into the formation of Cu2S/CdS heterojunctions highlighted that the exchange 
reaction can proceed more rapidly along the grain boundaries of polycrystalline thin films 
than into the grain bulks.  This behaviour was confirmed in the Cu2S/CdS system by etching 
away the CdS layer with HCl after the ion exchange reaction and examining the remaining 
Cu2S layer by SEM.  This showed clearly that the reaction had penetrated deeply into the 
CdS layer, creating a three-dimensional structure such as is shown in Figure 14 [214]. 
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Figure 14: Left) Schematic drawing of the Clevite ion-exchange reaction.  The reaction proceeds more 
rapidly along grain boundaries, resulting in an interpenetrating Cu2S – CdS interface.  Right) Cu2S layer 
imaged from CdS side after removal of the CdS with HCl.  The three dimensional structure of the 
interface is clearly visible after removal of the CdS.  Images reproduced from [214]. 
Cu-Cd ion exchange reactions have more recently been used with other thin film PV systems.  
The formation of a (Cu2-x,Cdx)(In,Ga)Se2 surface layer by ion exchange during the chemical 
bath deposition (CBD) of CdS was proposed as part of the explanation for the high-efficiency 
of Cu(In, Ga)Se2 solar cells with CBD CdS buffer layers.  The importance of the Cd rather 
than the CdS layer was demonstrated by comparing devices prepared in normal CBD CdS 
solutions and in S-free solutions where no CdS film growth was possible [64-66]. 
Finally on the topic of Cu-Cd ion exchange, a Cu-Cd ion exchange reaction has been used in 
preparing back contacts to CdS/CdTe solar cells.  The CdTe films were exposed to Cu-
containing solutions, thereby creating a thin CuxTe electrical contact on the CdTe layer [215]. 
Direct formation of an In2S3/CuInS2 heterojunction from an In2S3 pellet by exchange of Cu 
for In was proposed using a similar solution as for the Clevite process.  However only limited 
evidence for formation of CuInS2 was presented [216] and the Cu-treated layers appear to 
increase in porosity.  Increases in porosity are reported to be expected for dissolution-
precipitation reactions rather than ion exchange reactions [217]. 
With application to window layers, Group III cation exchange reactions have been used to 
convert the upper part of a CuGaSe2 layer into CuAlSe2, thereby forming a transparent 
window layer on a solar cell.  By appropriately buffering the ion exchange bath it was 
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reported to be possible to prevent participation of Cu ions in the reaction and to drive the 
reaction in either direction [218]. 
All of the applications of ion exchange to thin film solar cells described so far have in 
common that the reaction is not allowed to proceed to completion and is intended to create a 
structure with graded composition.  The problem with this approach is that the reactions 
occur in relatively short time scales at fairly modest temperatures, typically in as little as a 
few seconds and below 100°C.  Unfortunately, PV devices are intended to operate for twenty 
five years or more at temperatures often above 50°C.  As such, attempts to employ ion 
exchange reactions to create stable, graded device structures seems likely to fail as the graded 
structures will continue to interdiffuse during the device lifetime.  Indeed, this effect was 
observed to lead to the failure of Cu2S/CdS solar cells and was the reason for their 
discontinuation.  However, ion exchange reactions do offer a simple, low cost route for 
fabricating materials and two cases can be envisaged where stability is not a problem.  The 
first is to convert the entire film so that no continuation of the reaction or back reaction can 
occur and the second is to apply an irreversible treatment to the partially exchanged layer to 
convert it into a stable state.  Both such approaches have recently been applied to 
chalcopyrite solar cells and will be described below. 
The first case, driving the exchange reaction to completion, was applied to chalcopyrite solar 
cells as the ion layer gas reaction (ILGAR) that was discussed briefly in Chapter 3.  ILGAR 
was initially developed as a dip coating technique, though quickly evolved to a spray 
technique when the speed and handling advantages became apparent [189].  It is an example 
of a solid-gas anion exchange reaction (all reactions discussed so far have been solid-liquid 
cation exchange reactions).  The exchanging ions are oxygen or chlorine in the precursor film 
and sulphur [219] or oxygen [189, 220, 221] in the gas phase.  The technique is performed 
with many cycles and in each cycle a thin film of the cation salt is deposited and then 
completely converted to the sulphide or oxide.  In the cases where the cation salt is to be 
converted to a sulphide, elastic recoil detection analysis only detected approximately 1 at.% 
oxygen in the converted layers, close to the sensitivity limit of this technique. ILGAR has 
been very successful at depositing In2S3 and ZnS buffer layers and ZnO window layers for 
high efficiency Cu(In, Ga)Se2 solar cells [219, 222, 223] and encouraging results have been 
published for In2S3 coatings for extremely thin absorber solar cells [224].  However, it has 
been less successfully [222] applied to deposition of thicker CuInS2 layers, where the films 
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tend to contain large volume fractions of voids, CA-ordered CuInS2 and carbon impurities 
[190, 225].  The carbon segregations are similar to those detected in paste coated 
Cu(In, Ga)Se2 [191], though in the ILGAR films they tend to occur in many thin layers, 
presumably due to the repeated deposition cycles. 
The second case, applying an irreversible treatment, was applied to chalcopyrite solar cells by 
taking advantage of the decreasing solubility of sulphide compounds along the series Zn, In 
and Cu to synthesise CuInS2 nanorods.  ZnS nanorods deposited by co-precipitation were 
converted to In2S3 by ion exchange and then partially converted to Cu2S by the same process, 
resulting in a precursor to CuInS2 [209].  A high temperature sulphurization with H2S 
converted the mixed phase precursor layers into single phase CuInS2 with similar 
morphology to the original ZnS films.  While the CuInS2 layers were intended as PV 
absorbers, no solar cells were reported. 
The remainder of this Chapter will present details of the new application of ion exchange to 
precursor layer preparation developed during this work. 
5.3 Deposition of initial precursor layers 
5.3.1 Experimental details 
Since this work was intended to incorporate Cu into III-VI initial precursor layers, indium 
(gallium) selenide thin films had to be deposited on various substrates.  Initially, Ga-free 
indium selenide layers were deposited with the intention of improving reproducibility by 
eliminating any potential fluctuations in [Ga]/([In]+[Ga]) composition of the layers from 
batch-to-batch.  As the work matured, Ga was deposited alongside In to provide precursors 
for Cu(In, Ga)Se2 rather than CuInSe2.  The deposition of indium selenide layers has been 
demonstrated by several methods, including co-evaporation of the elements [226], single-
source evaporation of In2Se3 [78], sequential electrodeposition of the elements followed by 
annealing [227], simultaneous electrodeposition of the elements [228], modified chemical 
bath deposition [229] and spray pyrolysis [230].  In order to provide a high level of control 
and reproducibility in the layers and hence allow the focus of the work to be maintained on 
the Cu-incorporation process, co-evaporation was used to deposit the III-VI layers for this 
work. 
1mm thick soda lime glasses (UltraWhite Objectraeger from Mezel Glaser) were used as 
substrates.  Due to the effects of Na on the properties of Cu(In, Ga)(Se, S)2 the substrate glass 
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can strongly influence the performance of the deposited solar cells.  To the best of the 
author’s knowledge this glass has been used in solar cells with energy conversion efficiency 
up to 15%, demonstrating its suitability as a substrate for Cu(In, Ga)(Se, S)2.   Substrates 
were normally coated with 0.5 – 1 µm thick Mo by DC sputtering before deposition of the 
III-VI initial precursor layers.  Up to 16 5x5cm2 substrates could be coated with the initial 
precursor in one deposition run.  Deposition of the initial precursor layers was performed in a 
vacuum chamber with pressure below 10-6 mbar before source heating and around 2x10-6 
mbar during deposition.  The In and Ga were evaporated from 30 cm line sources and the Se 
from an effusion cell using starting materials of 5N purity or greater.  During deposition, the 
samples moved perpendicularly back and forth over the line sources until the desired 
thickness was deposited.  Se was supplied in excess throughout deposition of the initial 
precursor layers and the temperature or heating power of the In and Ga sources was used to 
control the deposition rate [226] and [Ga]/[(In+Ga)] ratio.  Due to the design of the sample 
holder, the edges of the substrate were masked during III-VI evaporation, which resulted in 
an exposed Mo border of 1-2mm around the edges of the samples.   
The phase content of indium selenide films deposited by co-evaporation is known to be 
sensitive to temperature below approximately 300°C.  Above this temperature only γ-In2Se3 
is expected to form [226].  III-VI layers formed at lower temperatures should still provide 
suitable initial precursors, even if they are not single phase.  However, since the reaction rate 
of the Cu incorporation reaction is likely to vary for different III-VI phases, it would be 
important that the proportion of phases present be laterally homogeneous across the initial 
precursor.  For this reason, the deposition of single phase films was considered desirable, 
especially early in the work, as they should provide a more reproducible modified precursor 
for the investigation of chalcopyrite formation.  To this end, the substrate temperature during 
III-VI evaporation was typically kept around 400°C by quartz lamps to try and ensure that 
single phase material was formed [226, 231]. 
5.3.2 Characterization of initial precursor layers 
A typical XRD diffractogram for an as deposited indium selenide layer is displayed in Figure 
15 and shows that single phase γ-In2Se3 layers were successfully deposited (JCPDS files 40-
1407 and 71-0250).  Diffractograms measured from other samples confirmed this and showed 
that there was some slight variation in relative peak intensity between batches.  Additional 
confirmation was provided by Raman spectra (Figure 15), where the peaks at 151cm-1, 
205cm-1 and 228cm-1 are all reported for γ-In2Se3 [232, 233].  No mode assignments for these 
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peaks could be found in the literature.  EDX measurements consistently showed a lower 
selenium content than expected for this material (≤ 55at.%), even after post deposition 
annealing in Se ambient.  This may be due to an EDX quantification error as the layers were 
thinner than the electron interaction volume. 
 
Figure 15: Left) XRD diffractograms indicate that the indium selenide initial precursor layers are single 
phase γ-In2Se3 while the indium gallium selenide initial precursor layers are mixed phase.  Right) Raman 
spectra of initial precursor layers suggest that both the indium selenide and indium gallium selenide 
layers contain III2IV3 phases. 
For Ga containing films, Ga contents corresponding to 0.25 ≤ [Ga]/([In]+[Ga]) ≤ 0.3 were 
deposited.  This composition lies within the existence range of a solid solution with 
composition (In1-xGax)2Se3 (0.05<x<0.55) and the same hexagonal structure as γ-In2Se3 [234].  
However, diffractograms measured from layers prepared during this work do not fit well to 
the diffraction patterns expected of this ternary compound (JCPDS 77-1920 and 78-1745) 
(Figure 15).  Both the In-Se and Ga-Se systems crystallise into a number of different binary 
phases and this makes definite phase identification difficult for mixed phase films.  An 
approximate fit to the diffractogram displayed in Figure 15 is obtained by the pattern 
expected of a mixture of hexagonal α-In2Se3 (JCPDS 34-1279) and monoclinic InSe (JCPDS 
44-1007).  Rhombohedral GaSe (JCPDS 81-1971) provides the closest match to the data for a 
gallium selenide phase and accounts for some strong peaks in the data not present in the In-Se 
diffraction patterns.  Some strong reflections are missing from this GaSe pattern though, 
which is likely to be a result of the preferred orientation of certain diffraction planes relative 
to the substrate.  Clearly the deposition of indium gallium selenide at ~400°C is a non-
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equilibrium process, with the broad diffraction peaks indicating a low degree of 
crystallization. 
In contrast to the XRD data, Raman spectra of typical indium gallium selenide layers 
indicated that the as-deposited layers contained (In1-xGax)2Se3 (Figure 15).  While the peak at 
151cm-1 in Figure 15 is at the position expected for x = 0, the single shoulder on the low-
wavenumber side has been observed for Ga-containing material (Ga-free material is reported 
to exhibit symmetrical shoulders on both sides) [232, 234].  Since Raman spectroscopy is 
more surface sensitive than XRD this may indicate the presence of a thin surface layer of 
ternary (In1-xGax)2Se3.  Verification of this might be possible with glancing incidence XRD 
measurements, however such measurements were not available and so the presence of ternary 
material has not been confirmed for these samples. 
While the morphology and composition of the indium gallium selenide films appeared 
homogeneous when examined from the surface, a more detailed measurement through the 
depth of a typical layer is shown in Figure 16 and reveals an oscillation in the 
[Ga]/([In]+[Ga]) ratio through its depth.  The number of periods in the oscillation matched 
the number of passes that the substrates made back and forth across the sources during 
deposition, confirming that the origin of the oscillation was incomplete intermixing of the 
elements during deposition.  This is likely due to insufficiently high substrate temperature 
and may explain the lack of formation of ternary material and observed broad diffraction 
peaks. 
 
Figure 16: SIMS depth profile of an indium gallium selenide initial precursor layer.  An oscillation in the 
[Ga]/([In] + [Ga]) ratio shows that these elements did not completely intermix during deposition. 
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5.4 Formation of modified precursor layers 
5.4.1 Aqueous ion exchange bath 
Modified precursor layers containing all of the Cu, In and Ga required by a chalcopyrite 
absorber layer were formed by incorporation of Cu into the indium (gallium) selenide initial 
precursor layers.  Cu incorporation was initially performed in aqueous cupric sulphate 
solution (CuSO4.5H2O Sigma Aldrich 99.995%, 18MΩ deionised water).  Adjustment of the 
bath pH to <7 was necessary to prevent hydrolysis of the Cu2+ ions and was performed by 
adding acetic acid (CH3COOH Fisher Scientific 99.97%).  Typical concentrations were 0.2M 
CuSO4 and 0.2M acetic acid (these concentrations were used for all results presented in this 
Chapter).  For a volume of solution large enough to cover the initial precursor, suspended 
vertically in a beaker, this Cu concentration was sufficiently high as to provide a quasi-
infinite source of Cu ions during the ion exchange reaction.  Initial work established that the 
Cu incorporation rate was sensitive to the solution temperature and proceeded very slowly 
below 70°C.  As a result, the majority of this work was performed in a boiling solution to 
maximise the reaction rate.  The solution was covered during heating to minimise the volume 
loss due to evaporation.  Cu content in the layers was controlled by the duration of 
immersion.  The time required for producing layers with a desired composition was 
determined empirically from successive series of Cu incorporations and composition 
measurements. 
The solutions were stirred during Cu incorporation and the samples were held vertically in 
polytetrafluoroethylene (PTFE) holders.  After the required duration in the solution, the 
modified precursor layers were removed and immediately washed in deionised water.  This 
prevented precipitation of copper sulphate on the precursor surface due to evaporation of any 
solution remaining on the sample. 
When the initial precursor layers were immersed in the aqueous ion exchange bath it was 
always observed that the Mo border exposed around the edges of the In2Se3 layers would 
begin to darken and eventually disappear from the glass.  For long process times, this then led 
to undercutting of the indium selenide film and eventual delamination of the layer.  As a 
result of this corrosion, layers of In2Se3 thicker than about 800nm could not be processed to 
contain sufficient Cu to serve as precursors to CuInSe2 layers.   
To investigate the cause of the Mo corrosion, corrosion potential measurements were made at 
room temperature on Mo films in solutions of acetic acid and in solutions of acetic acid with 
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CuSO4 (Figure 17).  Prior to immersion in the solution, the Mo layers were washed in 
ammonium hydroxide to remove any surface oxide.  The difference in potential measured 
using Cu-free solution and Cu-containing solution indicates that Cu2+ is being reduced, most 
likely according to Equation 5 and Equation 6, with the expected counterpart anodic reaction 
being the oxidation of Mo according to Equation 7.  
Cu2+ + e- → Cu+  
Cu2+ + 2e- → Cu  
Mo → Mo3+ + 3e-  
The dissolution of Mo layers has previously been reported to occur in acidic NaSO4/CuSO4 
solution by the same mechanism during investigation of electrochemical reactions involving 
Cu, In and Se [136]. 
 
Figure 17: Galvanostatic measurements indicate that Cu2+ ions in the aqueous ion exchange bath 
participate in the electrochemical oxidation of the Mo back contact. 
To try to facilitate the processing of thicker initial precursor layers, In2Se3 layers were 
deposited on alternative substrates: bare glass and glass coated with tin oxide doped indium 
oxide or fluorine doped tin oxide.  However, no incorporation of Cu into the initial precursor 
layers was observed when these substrates were used.  This indicates that the oxidation of Mo 
plays an important role in promoting the incorporation of Cu into the initial precursor layers 
from aqueous solution. 
5.4.2 Non-aqueous ion exchange bath 
Incorporation of Cu into the initial precursor layers from aqueous Cu2+ solution led to 
dissolution of the Mo back contact and undercutting of the layers.  However, attempts to use 
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alternative contacts or to protect the Mo by ensuring that it was not left exposed were found 
to obstruct the Cu incorporation reaction.  To overcome this difficulty, alternative solvents 
were investigated to try and prevent the corrosion of Mo whilst ensuring that the same Cu 
incorporation reaction took place.  Organic solvents were investigated as alternatives to water 
and ethylene glycol was found to be a good choice as it exhibits a high dissociation constant 
for CuCl and does not react with free Cu+ ions.  A complexant was added to the solution in 
order to prevent the oxidation of the Cu+ ions and to maintain a controlled reaction speed for 
solutions with a very large excess of Cu (a large excess is desirable so that the effective Cu 
content of the bath remains constant even after processing many films).  Typically, sodium 
chloride was selected for this role (NaCl Sigma Aldrich puriss. p.a., ≥99.5%), though 
potassium chloride was also used successfully.  In both cases, strong copper chloride 
complexes are formed in the solution that lower the activity of the Cu ions and prevent their 
oxidation. 
Typical solution concentrations used during this work (and for all results presented in this 
Chapter) were 0.6M cuprous chloride (CuCl Sigma Aldrich ReagentPlus®, purified, ≥99%) 
and 1M NaCl in ethylene glycol (HOCH2CH2OH anhydrous Sigma Aldrich 99.8%).  During 
heating this solution undergoes a colour change at ~140°C, from translucent green to 
transparent yellow and as the temperature rises further the solution continues to pale in 
colour.  No significant corrosion of the exposed Mo was observed using such solutions, 
though occasionally slight discolouration of the Mo surface did occur. 
An additional advantage to using ethylene glycol as the ion exchange solvent is that its 
boiling point is much higher than that of water (196°C for pure ethylene glycol).  This 
allowed much higher processing temperatures to be used and hence higher reaction rates 
could be obtained.  For example, to process an 800nm thick layer of In2Se3 in boiling aqueous 
solution such that it contained ~21at. % Cu required around 1 hour.  In contrast, a 1.5µm 
thick indium gallium selenide layer could be converted to incorporate 21at.% Cu in around 
40 minutes at 160°C, with less loss of solution volume.  At temperatures above 170°C 
deposition of metallic Cu was sometimes observed, either as small surface particles or as 
lines between the exposed Mo border and the III-VI film.  Therefore, temperatures above 
~160°C were not used.  
A difficulty with working at high temperatures and concentrations was that the salts tended to 
precipitate onto the surface of the modified precursor layers very rapidly when they were 
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removed from the solution.  To counter this, upon removal from the solution the layers were 
immediately transferred to a hot, aqueous solution of the same complexant as was used in the 
ion exchange bath (e.g.  1M NaCl in water at ~95°C).  This rinse removed the concentrated 
solution from the surface before it had a chance to cool too far or evaporate.  The modified 
precursor layers were then rinsed in deionised water.  This two-stage rinse was found to 
produce significantly more homogeneous surfaces than immediately rinsing the samples with 
cold water as was done when using the aqueous solution. 
5.4.3 Reuse of ion exchange baths 
No reactions were observed to occur in the solutions used for ion exchange except at the 
sample surface, i.e. no precipitates were formed in the solutions and no deposition occurred 
on the reaction vessel or sample holder.  Therefore, unlike chemical bath deposition methods 
involving a homogeneous reaction between solution reagents, the solution could be reused 
even after repeated heating and cooling cycles.  While the Cu content of the solution 
decreases during use and the In and Ga content increases, this effect is small if sufficient Cu 
excess is provided.  For example, with the 0.6M Cu+ solution used here typically a 300ml 
bath was prepared.  To process a 25cm2 initial precursor layer to contain a quantity of Cu 
corresponding to a 2 micron thick chalcopyrite layer, the concentration of Cu+ in the bath is 
reduced by 0.05% and the resulting Cu/(In+Ga) content of the bath is still ~20000.  More 
significant than this is volume loss from the solution, however this can be minimised by 
covering the solution while it is hot and corrected for by addition of extra solvent if required.  
When addition of extra Cu to the bath over time and solution composition monitoring (e.g. by 
transmission measurements) are considered as well, it is clear that the baths are compatible 
with continuous operation over long time scales. 
5.5 Modified precursor layer characterization 
5.5.1 Composition of modified precursor layers 
Modified precursor layers produced from both the aqueous and non-aqueous ion exchange 
baths were analysed by a range of compositional and structural characterization techniques to 
determine the mechanism by which Cu is incorporated into the initial precursor layers.  
Composition measurements showed that during immersion in the Cu solutions the Cu content 
of the initial precursor layers increases from zero over time.  It was possible to entirely 
convert a layer to copper selenide (within the accuracy of EDX measurements) with 
sufficiently long processing times. 
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As was discussed in Chapter 4, EDX does not provide accurate composition measurements of 
layers with inhomogeneous composition throughout their depth.  Therefore, composition 
measurements performed on modified precursor layers could only give a relative indication 
of their total Cu content since the peak Cu concentration occurs at the surface of the precursor 
layer (see Section 5.5.2).  Additionally, comparison between measurements could only 
reliably be made between samples of identical thickness that had been processed under very 
similar conditions, as changes in the thickness and processing parameters could affect the 
distribution of Cu throughout the depth of the layer (and hence electron interaction volume 
during measurement by EDX). 
Figure 18 shows ternary composition diagrams for two sets of modified precursor layers, 
each set contains samples processed for various durations.  One of the sets of precursor layers 
was processed in aqueous solution and the other in ethylene glycol.  The data plotted for the 
aqueous solution are all from indium selenide initial precursor layers while the data plotted 
for the ethylene glycol solution include both indium selenide and indium gallium selenide 
layers, which were on average twice as thick as the indium selenide layers.  The (In, Ga)2Se3-
Cu2Se pseudo-binary tie line is drawn across each plot and the point corresponding to 
stoichiometric Cu(In, Ga)Se2 is marked with a circle. 
The data points plotted as crosses on the ternary composition diagrams shown in Figure 18 
come from EDX measurements of the modified precursor layers immediately following 
removal from the Cu solutions.  These data suggest a change in composition from (In, 
Ga)2Se3 in the initial precursor layer towards Cu2-xSe at long Cu incorporation times for both 
solutions.  In most cases the samples appear to be slightly Se-poor from these measurements, 
as observed for the initial precursor layers (Section 5.3.2) 
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Figure 18: Ternary composition diagrams for modified precursor layers processed in (Left) aqueous and 
(Right) non-aqueous solutions, measured by EDX.  Both data sets indicate a change from (In, Ga)2Se3 to 
Cu2-xSe layer compositions.  EDX measurements overestimate Cu content in the modified precursor 
layers due to the compositional depth profile. 
As will be discussed in Chapter 6, annealing the precursor layers led to homogenization of 
the elements throughout the depth of the layers and this allowed more accurate EDX 
measurements to be made.  The results of such measurements are plotted as squares on Figure 
18 for the same two sets of modified precursor layers.  These data show that the general trend 
observed for the un-annealed samples is still evident, however the first set of measurements 
overestimated the Cu content of the films considerably (since there is no expected mechanism 
for Cu-loss or (In, Ga)-gain under the annealing conditions used here).  The exception to this 
observation is the case of films that had been almost entirely converted to Cu2-xSe, in this 
case the composition remained roughly the same after annealing as there was little or no 
depth gradient and so little error in the initial EDX measurements. 
XRF was used to measure the composition of some modified precursor layers following 
incorporation of Cu from organic solution and these measurements are shown in Figure 19, 
both as at.% and composition ratios.  These data confirm that the composition of the layers 
moves along the pseudo-binary tie-line between (In, Ga)2Se3 and Cu2-xSe, in this case with a 
close fit for a value of x ≈ 0.12.  Interestingly, the relative Ga content of the layers appears to 
increase during the Cu incorporation process, indicating that the exchange of Cu for In 
proceeds more rapidly than the exchange of Cu for Ga.  Three effects are identified as the 
possible cause of this: gallium selenide compounds have greater enthalpies of formation than 
their indium analogues [235]; gallium selenides might be less soluble compared to indium 
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selenides (unfortunately no data could be found for comparison) and the fact that the atomic 
radii of Cu and In are similar, while the ionic radius of Ga is significantly smaller. 
 
Figure 19:  Left) Ternary composition diagram for modified precursor layers, measured by XRF.  The 
solid line corresponds to the pseudobinary tie-line (In, Ga)2Se3 – Cu2-xSe for x = 0.12.  Right) Composition 
ratios for modified precursor layers as a function of Cu incorporation treatment, as measured by XRF.  It 
is evident that Cu is exchanged with In in preference to Ga. 
5.5.2 Depth profile of modified precursor layers 
Depth profiles were performed for both indium selenide and indium gallium selenide layers 
following Cu incorporation.  The measurements were performed at different stages of the 
work and different techniques were used, however the results may still be compared 
qualitatively. 
The depth-profile XPS measurement displayed for an indium selenide layer following Cu 
incorporation from an aqueous ion exchange bath (Figure 20) shows that it has a graded 
composition, with peak Cu concentration corresponding to minimum In concentration.  
Furthermore, the data suggest that the relative Se concentration decreases within the Cu-
containing region of the layer as compared to its value in the Cu-free region.  This is 
consistent with the formation of Cu2-xSe proposed from X-ray measurements as Cu2-xSe has a 
higher metal-to-chalcogen ratio than In2Se3.  The Cu distribution data indicate that some 
grading of Cu into the underlying In2Se3 layer occurs during immersion in the solution.  
However a component of the decaying Cu signal will have arisen from forward sputtering 
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effects and it is not possible to draw conclusions as to the abruptness of the interface from 
this data or from the SIMS data. 
 
Figure 20: Depth profiles of modified precursor layers: Left) with Ga; Right) without Ga.  A copper 
selenide surface layer forms during the ion exchange reaction.  It is clear from these data that the Cu-In 
exchange reaction proceeds more rapidly than the Cu-Ga one. 
The SIMS depth profile shown in Figure 20 was measured from an indium gallium selenide 
layer following Cu incorporation from an ethylene glycol ion exchange bath.  This indicates 
that a surface layer of copper selenide is formed during Cu incorporation as for the Ga-free 
layers processed in aqueous baths.  In contrast to the XPS data for indium selenide layers, the 
relative Se content of the copper selenide layer appears to be higher than that in the 
underlying indium gallium selenide layer, something that cannot be explained by any of the 
expected Cu-Se compounds [38].  However, there are two reasons to question this 
interpretation of the data.  Firstly, SIMS is known to be relatively insensitive to Cu and 
secondly, while XPS detects emitted photoelectrons SIMS detects either positive or negative 
secondary ions.  All SIMS data presented here are derived from positive ion signals and these 
are less accurate for Se as it tends to form negative ions.  While correction factors will have 
been applied for both of these effects during signal collection, they could still change the 
relative elemental sensitivity of the measurement between the Cu-rich and (In, Ga)-rich 
regions of the layer.  Finally, the SIMS data support the conclusion drawn from the XRF 
measurements that exchange of Cu for In occurs more rapidly than the exchange of Cu for 
Ga. 
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5.5.3 Phase structure of modified precursor layers 
As already indicated in Section 5.3.2, structural measurements were far more conclusive 
when working with indium selenide films than with indium gallium selenide films, validating 
the decision to begin the work with Ga-free layers.  Figure 21 displays XRD and Raman 
spectroscopy measurements of modified precursor layers both with and without Ga.  
Considering the diffractogram for the gallium-free modified precursor layer, compared to 
measurements made on an as deposited initial precursor layer from the same batch (Figure 
15) the (006) γ-In2Se3 peak at 27.6° is stronger (relative to the Mo (110) peak) while all of the 
other In2Se3 peaks have decreased in intensity.  Two additional peaks are identified in the 
diffractogram at this stage, one at 26.8° and the other at 44.5°.  These peaks are identified as 
the (111) and (220) diffraction peaks of face-centred cubic β-Cu2-xSe (JCPDS file 06-0680).  
Turning to the Raman spectra, the γ-In2Se3 peak at 151cm
-1 is still observed for the modified 
precursor layer, along with an additional peak at 260cm-1, which is characteristic of Se-Se 
bond vibrations in copper selenide compounds [236].  The relative strength of the peak at 
260cm-1 as compared to the peak at 151cm-1 is due to the location of the copper selenide 
above the indium selenide.  Since the information depth of Raman spectroscopy is typically a 
few hundred nanometres at most for these materials at the utilized excitation wavelength, the 
bulk of the detected signal is generated in the copper selenide layer. 
These results confirm that the Cu incorporated into the initial precursor layers during 
immersion in the Cu solution is bonding to selenium atoms rather than just intercalating into 
vacancies (1/3rd of cation sites are vacant in γ-In2Se3). 
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Figure 21: Left) XRD diffractograms from modified precursor layers.  In the case of In2Se3 initial 
precursors the formation of Cu2-xSe is clearly identified.  However, there is no clear evidence for the 
formation of Cu-selenide phases in the case of the indium gallium selenide initial precursor layers.  Right) 
Raman spectra for modified precursor layers both with and without Ga exhibited a strong peak 
associated with Cu-Se phases. 
While Raman spectroscopy measurements performed on Ga-containing modified precursor 
layers indicated the formation of copper selenides (Figure 21) XRD diffractograms were less 
clear.  Figure 21 shows some alteration in the relative intensities of the indium gallium 
selenide peaks compared to the initial precursor layers (Figure 15) and an extra peak around 
25.3°.  This peak is close to the position expected for strong peaks in the diffraction patterns 
of the slightly Cu-rich selenide phases tetragonal Cu3Se2 and orthorhombic Cu5Se4 (JCPDS 
47-1745 and 21-1016).  It also appears in the diffraction patterns of some face-centred cubic 
compounds with the general formula Cu2-xSe (0 ≤ x ≤ 0.2) (JCPDS 65-2982 and 06-0680). 
Confirmation of Cu2-xSe compounds by XRD is difficult for the modified precursor layers as 
the main Cu2-xSe diffraction peaks overlap with the main peaks already identified with III-VI 
phases in the initial precursor layers (Figure 15).  Considering the unambiguous detection of 
copper selenide by Raman spectroscopy, it is reasonable to attribute some of the changes in 
relative peak intensities to formation of copper selenide phases with diffraction peaks at the 
same angles as the III-VI phases.  A final reason for the lack of strong evidence of copper 
selenides in the XRD diffractograms may be the presence of a high Ga content in the copper 
selenide surface layer, as evinced by the SIMS measurements (Figure 20).  This may disrupt 
the crystallization of the copper selenide to such an extent as to prevent the formation of 
coherent scattering domains sufficiently large to generate a detectable XRD signal. 
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5.5.4 Morphology and microstructure of modified precursor layers 
Typical secondary electron images for initial and modified precursor layers both with and 
without Ga are shown in Figure 22.  No change in morphology was observed as a result of Cu 
incorporation despite a change in the chemical composition of the surface, consistent with 
previous reports of ion exchange reactions [209, 237].  The thickness of initial and modified 
precursor layers was measured from SEM cross-sections and by profilometry and no 
thickness changes were observed due to the incorporation of Cu. 
The Ga-containing initial and modified precursor layers shown in Figure 22 were prepared in 
the same batch and were the same thickness, though they were deposited onto different 
thicknesses of Mo.  While no significant change in layer thickness is evident in Figure 22, a 
clear change in contrast is visible approximately a micron below the surface of the modified 
precursor layer.  This is attributed to the increased conductivity of the upper portion of the 
modified precursor layers due to the presence of copper selenide.  This conductivity change is 
present for modified precursor layers irrespective of the presence of Ga.  However, its effect 
is not visible for the Ga-free modified precursor layer in Figure 22B due to an excessive 
thickness of Au on the cleaved surface.  A thin layer of Au is required to achieve clear cross-
section images of thin films on insulating (glass) substrates; however, if it is applied too 
thickly (as in this case) it can mask details of the actual layer of interest. 
 
Figure 22: A, C) SEM micrographs of In2Se3 and indium gallium selenide initial precursor layers, 
respectively.  B, D) Secondary electron images of the same layers following Cu incorporation by ion-
exchange.  6o change in morphology or thickness is observed after Cu incorporation (A vs. B, C vs. D) 
5.6 Discussion of composition and structural characterization 
5.6.1 Reaction mechanism and kinetics of Cu incorporation 
This discussion will focus initially on Ga-free precursors processed in aqueous solution as the 
phases involved could be identified more accurately.  Nevertheless, a very similar mechanism 
to the one that will be proposed is considered to apply to precursors containing Ga and those 
A B C D 
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processed in ethylene glycol.  This understanding is supported by the qualitative agreement 
between the structural and compositional measurements that were made on precursors both 
with and without Ga processed in water and ethylene glycol. 
The Ga-free initial precursor layers were shown to be single phase γ-In2Se3, a phase which 
possesses a defect-wurtzite structure wherein one third of the cation sites are vacant [226].  
This structure presents three possible locations for the incorporation of Cu ions into a γ-
In2Se3 layer: as interstitials, on vacant cation sites or on In sites.  Since the Cu is present in 
the solutions as ions, incorporation onto any of the sites requires that positive charge flow out 
of the layer as the Cu is incorporated, either by loss of positive ions to the solution or by 
addition of electrons to the layer.  Oxidation of the exposed Mo layer could provide a source 
of electrons to reduce the Cu ions to metallic Cu.  This Cu could then be incorporated either 
by deposition on the sample surface or by diffusion onto interstitial sites.  However 
deposition on the sample surface is inconsistent with the lack of increase in layer thickness 
and incorporation at interstitial sites is incompatible with the observed complete conversion 
of layers to copper selenide at long processing times.  Hence, it is concluded that metallic Cu 
is neither deposited onto the layers nor incorporated at vacancies or interstices.  Rather, it is 
concluded that Cu ions enter the initial precursor layers in parallel to a loss of indium ions to 
the solution.  The migration of In ions to the solution prevents charge building up on the 
layer.  The Se atoms do not participate directly in this reaction, except to bind to the Cu ions 
once they have entered the precursor layer, forming the detected copper selenides. From 
consideration of the compositional, structural and thickness data, the proposed net 
mechanism is therefore an ion exchange reaction according to Equation 8. 
(6 - 6x) Cu+ + 3x Cu2+ + In2Se3 → 3 Cu2-xSe + 2 In
3+ (0 ≤ x ≤ 0.25)   
The required source of Cu+ ions in the aqueous Cu2+ solution could be provided by the partial 
reduction of Cu2+ by the exposed Mo, consistent with the absence of Cu incorporation with 
Mo-free substrates, as was reported in Section 5.4.1. 
The exchange of Cu and In ions and the resulting formation of copper selenide begins at the 
surface of the initial precursor layer when it comes into contact with the Cu solution.  The 
reaction then proceeds from the surface of the initial indium selenide layer and results in a 
layer of β-Cu2-xSe being formed over the γ-In2Se3.  If this Cu2-xSe surface layer were to block 
the diffusion of either of the cationic species then the exchange reaction would terminate as 
Equation 8 
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soon as Cu2-xSe formed across the surface of the initial precursor layer.  However, Cu2-xSe 
exhibits high cationic conductivity and high In diffusion coefficients have been specifically 
observed in Cu2-xSe/In2Se3 diffusion couples [238].  This allows the ion-exchange reaction to 
continue after the In2Se3 surface is covered with Cu2-xSe.  As observed for the Cu2S-CdS 
system, the formation of Cu2-xSe most probably occurs more rapidly along grain boundaries 
in the initial precursor layer, leading to an intimately bonded interpenetrating structure [214].  
Removal of the precursor layer from the hot CuSO4 solution quenches the ion exchange 
reaction, hence the Cu2-xSe surface layer should contain a graded concentration of In ions that 
were diffusing towards the surface.  The diffuse boundary between the copper and indium 
selenide layers that is observed in the XPS data is attributed in part to these In atoms and in 
part to interpenetration of the layers along grain boundaries.  Non-abrupt interfaces such as 
these are reported to be essential to conversion of evaporated precursor layers into absorbers 
suitable for use in high efficiency Cu(In, Ga)Se2 solar cells (Section 2.3).  For clarity, a 
schematic of the proposed modified precursor structure is shown in Figure 23. 
 
Figure 23: Proposed structure of the modified precursor layers developed during this work. 
Confirmation of the above described reaction mechanism for the Ga-containing initial 
precursor layers is more difficult due to their poor crystallinity both before and after Cu 
incorporation.  The composition measurements imply that Cu2-xSe is formed in the same way 
as for Ga-free precursors, since the composition evolves from (In, Ga)2Se3 towards Cu2-xSe.  
However, the multiphase nature of the indium gallium selenide layers renders proposed 
reaction mechanisms somewhat speculative and it is likely that the disorder at interfaces 
between grains of different phases provide additional pathways for ion exchange to progress. 
 
Copper selenide 
Low concentration of In and Ga atoms 
 
Indium (gallium) selenide 
Mixed phase interfacial region, copper selenide 
penetrates more deeply along grain boundaries 
Molybdenum/glass substrate 
5 Ion exchange processing of precursor layers 
72 
5.6.2 Volume changes for gallium-free precursors 
As was stated earlier, no change in layer thickness was measured by profilometry or by cross 
sectional SEM measurements such as those displayed in Figure 22.  Considering Equation 8, 
it is possible to calculate the predicted thickness change, assuming that the ion exchange 
results in an unstrained film and that volume changes are a result of isotropic changes in film 
dimensions. 
Table 3: Crystal structure data for initial and modified precursor layers (Ga-free). 
Phase System a / Å c / Å Unit cell volume  
/ Å3 
Z Volume per formula 
unit  / Å3 
JCPDS 
Reference 
β-Cu2-xSe FCC 5.739 - 189.02 4 47.26 06-0680 
γ-In2Se3 Hexagonal 7.1286 19.382 852.98 6 142.16 40-1407 
According to the data in Table 3 if one formula unit of γ-In2Se3 is converted into three 
formula units of β-Cu2-xSe as per Equation 8 then the expected change in volume is -0.3%.  
This corresponds to a linear contraction of less than 0.1%, which is in agreement with 
observation. 
5.7 Material utilization efficiency 
During preparation of the modified precursor layers In and Ga ions are transferred from the 
III-VI layers to the ion exchange bath.  Since In is likely to remain the most scare and most 
expensive material in the active layers of chalcopyrite solar cells it is important to address 
this point.  Firstly, it is assumed that in any commercialization of this technique the indium 
gallium selenide layer would be deposited by another non-vacuum process rather than co-
evaporation.  Since the In transferred to solution during ion exchange is <25 at.% of the 
initial precursor layer (from Equation 8), the material usage efficiency of the first stage of 
deposition would need to be around 60% for the total In usage to be comparable to that of 
elemental evaporation of CuInSe2 (~40%).  Such values are easily obtained by many non-
vacuum techniques.  Additionally, recycling of In from ion exchange baths is expected to be 
considerably cheaper than recycling material deposited onto the walls of a vacuum chamber 
by evaporation or sputtering since that material will also be recycled from solution but must 
first be mechanically removed from the walls and then dissolved [239]. 
5.8 Conclusions 
An ion exchange method for preparing homogeneous, intimately bonded Cu2-xSe/(In, 
Ga)2Se3/Mo layers from (In, Ga)2Se3/Mo layers has been presented.  This method provides a 
technologically simple method of preparing a I-III-VI precursor layer from a III-VI one and 
the simplicity of the technique could translate into low capital costs for manufacturing 
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equipment.  As an alternative method to evaporation of Cu onto III-VI initial precursor layers 
it is particularly interesting.  Due to the high melting point and low vapour pressure of Cu, its 
evaporation requires temperatures around 1250°C, severely limiting the choice of materials 
that can be used and rendering the process technically challenging.  The initial, aqueous, ion 
exchange bath required the presence of Mo in order for the incorporation of Cu to proceed 
and led to destruction of the Mo back contacts to the precursor layers.  However, an improved 
bath was developed based on ethylene glycol that does not require the presence of Mo and in 
which Mo contacts were found to be stable.  The ion exchange baths developed here may be 
extensively reused and Group III material transferred to the ion exchange bath could be easily 
reclaimed by electroplating directly from the solution. 
Clearly, using vacuum deposited initial precursor layers makes only limited sense from the 
point of view of processing logic and so these would be better deposited by non-vacuum 
methods as well.  In selecting a suitable technique for depositing the non-vacuum initial 
precursor layers it must be remembered that the goal of the work presented here is to reduce 
complexity as much as possible.  Therefore, in the absence of compelling device performance 
incentives, electrodeposition is not considered a suitable non-vacuum technique for 
depositing the III-VI layers since it can be used to deposit complete precursors directly [240].  
More suitable techniques are likely to be spray pyrolysis, doctor blade or spin coating. 
At the present time, the main limitation of the method developed here (from a processing 
point of view) is the lack of an end point detection technique.  For this work if a layer of 
particular composition was required it was necessary to estimate the required processing time 
from past results.  A simple, in situ monitoring technique would therefore greatly improve the 
robustness of this process.  Finally, the lack of an end point detection method may mean that 
it is advantageous to use sulphide precursor layers rather than selenide since CuInS2 has been 
shown to have a far wider process window in terms of Cu/In ratio than Cu(In, Ga)Se2 [241]. 
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6 Conversion of modified precursors into chalcopyrite 
6.1 Scope of this Chapter 
The previous Chapter presented the characterization of a new precursor layer structure 
containing mixed copper selenide and indium (gallium) selenide phases.  The precursor 
layers were developed with the intention that they be suitable for conversion into chalcopyrite 
Cu(In, Ga)Se2 for use in solar cells.  This Chapter reports experiments aimed at achieving and 
understanding the conversion of the precursors into Cu(In, Ga)Se2.  The reactions that occur 
during conversion of the mixed phase precursor layer into single phase chalcopyrite will be 
discussed and improvements to the selenization process will be suggested and tested by 
experiment.  Finally, solar cell devices incorporating absorbers prepared by the method 
developed here will be presented. 
6.2 Introduction and experimental set-up 
Many different Cu-In-Ga-Se-S precursor structures for Cu(In, Ga)(Se, S)2 formation have 
been reported in the literature, deposited by both vacuum and non-vacuum methods.  The 
conversion of these precursor layers into a single phase Cu(In, Ga)(Se, S)2 compound, free 
from binary phases, always requires heating to provide the energy to drive the conversion 
reactions.  Performing this heating under high vacuum provides the cleanest environment for 
the conversion reaction to occur in with respect to oxygen and other impurities.  However, it 
is not compatible with the motivation for depositing non-vacuum precursor layers, namely 
reduced cost, reduced complexity and increased throughput.  Therefore, annealing is more 
often performed either at atmospheric pressure or at low vacuum.  In both cases a flow of 
inert gas is often used to purge the furnace throughout the process. 
When converting a precursor structure into Cu(In, Ga)(Se, S)2 by heating it is almost always 
necessary to provide a source of Se or S.  While this Chapter will focus on Se, similar general 
considerations will apply to the use of S as well.  The extra chalcogen source is required 
either because the precursor does not contain sufficient chalcogen to form the single phase 
chalcopyrite compound or to avoid mass loss from the precursor during heating.  In samples 
containing elemental Se, mass loss occurs by evaporation of Se due to its high vapour 
pressure.  Even when using compound precursors Se evaporation may lead to high 
concentrations of Se vacancies (VSe).  It has been reported that material loss may also occur 
by the formation and subsequent evaporation of In2Se in Se deficient conditions [242].  
However some of the reported loss may arise from measurement errors due to the inaccuracy 
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of EDX [243].  Finally, the presence of a high partial pressure of Se at the sample surface 
may reduce the reaction of the precursor with any residual oxygen in the reaction chamber.  
Three different Se sources for use during selenization have been reported (not including Se 
already contained in the precursor): evaporation of metallic Se [244], flow of H2Se gas [245] 
or flow of diethylselenide gas [246].  Of these, metallic Se is the most convenient to handle in 
the laboratory since both of the other sources are gases at room temperature and therefore 
require not only appropriate mass flow controllers and piping but also extensive safety 
equipment.  This is particularly true of H2Se due to its high-toxicity and explosive nature and 
as such it can be very expensive to use.  However, H2Se has been reported to have a greater 
efficacy at selenizing stacked elemental layers than elemental Se [165].  This is possibly 
because it is a strong reducing agent that can prevent oxidation of the precursors by any 
residual oxygen present during annealing. 
In order to form single phase Cu(In, Ga)Se2 from the mixed phase precursors described in the 
previous Chapter, the modified precursor layers were heated in a tube furnace fitted with a 
quartz work tube.  Se was supplied from pellets loaded into a quartz crucible (Sigma Alrdich 
Se pellets 99.999%).  Two different, resistively heated furnaces were used that were built to 
the same design and varied significantly only in their dimensions.  This tube furnace design 
had two temperature zones, one for the substrate and one for the chalcogen crucible.  The 
temperature of the zones could be independently controlled by proportional-integral-
derivative (PID) controllers and heating rates of up to ~50°C/min could be achieved.  This 
heating rate is considered to be relatively slow for annealing precursor layers as it permits 
reactions and mass transport to occur at intermediate temperatures during heat-up [247].  The 
work tubes were fitted with diaphragm pumps that could evacuate them to base pressures of 
~5-10 mbar.  During heating and cooling, the work tubes were purged from one end with 
either N2 or Ar gas, typically at 25 sccm, leading to a working pressure of ~2 – 4 mbar over 
the base pressure.   
During annealing in the tube furnace, the modified precursor layers were suspended in the 
centre of one of the furnace zones on a quartz plate and often surrounded by blank glasses to 
improve the heating homogeneity.  The Se crucible was placed in the other, upstream, 
temperature zone such that the N2 or Ar supply flowed first over the crucible and then over 
the modified precursors.  The rate and timing of the Se supply could be varied by changing 
the heating profile of the zone containing the Se crucible.  However, due to deposition of Se 
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vapour on the walls of the furnace during cool down, some Se was always supplied 
independently from the crucible by re-evaporation during heating.  Due to the design of the 
furnaces this could only be prevented by removing a work tube from its furnace and 
rigorously cleaning it.  This procedure was performed only infrequently as there was a risk of 
breaking the thin work tube wall during cleaning.  The efficacy of the tube furnace design 
used in this work has previously been demonstrated by processing non-vacuum deposited 
precursors into Cu(In, Ga)Se2, leading to cells with efficiencies up to 6.7% [191].  Similar 
heating profiles were used during this work as were used previously and a typical profile is 
shown in Figure 24.  The substrate temperature was ramped in stages to ~575°C, close to the 
softening point of the soda lime glass substrates, while the Se crucible was held at around 
300°C.  Such a profile resulted in a Se consumption from the crucible per furnace run of 10-
20mg. 
 
Figure 24: Typical heating profiles used for selenization of modified precursor layers.  The substrate and 
Se-source were heated in independently controlled zones of the tube furnace. 
Temperature measurement and control was performed by thermocouples located just outside 
of the quartz tube and while these provided a stable reference, they do not indicate the true 
temperature of the precursors during selenization.  However, from the occurrence of phase 
changes observed during sample heating, it is believed that the offset from true sample 
temperature is relatively small once the system is at equilibrium.  It was estimated to be of the 
order of a few tens of degrees. 
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6.3 Characterization of selenized layers 
Initial characterization of selenized layers was performed by EDX and typical measurements 
were shown in the previous Chapter for comparison with the precursor layers (Figure 18).  
Once modified precursor layers of the desired composition were produced and selenized, 
XRD measurements were made to analyse their crystalline phase content.  Such 
diffractograms are shown in Figure 25 for layers with slightly Cu-poor composition, as 
desired for photovoltaic absorber layers.  These indicate that selenization of the Ga-free and 
Ga-containing modified precursors leads to the formation of single phase chalcopyrite 
CuInSe2 and Cu(In, Ga)Se2, respectively.  In the case of CuInSe2, the chalcopyrite peaks 
(101), (103), (211) and (105/213) are all observed.  The chalcopyrite peaks were not observed 
as strongly for Cu(In, Ga)Se2 samples, however the random distribution of In and Ga ions on 
the Group III sites lessens the expected strength of these reflections from Ga-containing 
material.  No significant preferred orientation was calculated for these samples and there is 
no evidence of secondary oxide or binary-selenide phases.  From the Cu(In, Ga)Se2 
diffractogram, very little asymmetry and no splitting is observed in the (112) peak.  This 
indicates that the quaternary alloy Cu(In, Ga)Se2 has been formed rather than a segregated 
mixture of In and Ga ternary chalcopyrites as is sometimes observed for selenized 
Cu(In, Ga)Se2 [172, 248]. 
 
Figure 25: Left) XRD measurements of Cu-poor samples after selenization indicate that  single phase 
CuInSe2 and Cu(In, Ga)Se2 are formed from the respective modified precursors.  Right) Raman 
spectroscopy measurements confirm the presence of chalcopyrite.  The chalcopyrite modes are labelled.  
Additionally, the A1 mode of the ordered defect phase CuIn3Se5 is observed for the CuInSe2 sample. 
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Raman scattering measurements were performed for identification of the chemical phases in 
the selenized layers as they are more sensitive to secondary binary phases than XRD.  In the 
Raman spectra shown in Figure 25 both CuInSe2 and Cu(In, Ga)Se2 peaks are observed at 
175, 214 and 227cm-1.  The peak at 175cm-1 is identified as the A1 peak of chalcopyrite 
CuInSe2 while both of the other two peaks are identified with B2 or E modes [249].  For 
Cu(In, Ga)Se2 the A1 peak is expected to be blue shifted relative to Ga-free material, 
however this shift is reported to be very slight for [Ga]/([Ga]+[In]) < 0.5 and falls within the 
resolution of the measurement for the empirical relation reported [250].  No binary copper 
selenide peaks are observed in spectra measured for globally Cu-poor layers.  A broad peak 
was present in the 153-155cm-1 region for the Ga-free layer, which is identified as the A1 
vibrational mode of the ordered defect compound CuIn3Se5 [251].  For CuInSe2 layers with 
< 20at.% Cu, a Raman peak at 183cm-1 was often detected in addition to (or, for very low Cu-
contents, instead of) the peak at 175cm-1.  This is identified as the A1 vibrational mode of CA 
ordered CuInSe2 [252, 253]. 
Depth profile measurements showed that the composition of the layers was homogenised 
during annealing, as shown in Figure 26 (depth profiles for un-annealed modified precursor 
layers are shown in Figure 20).  In the case of CuInSe2 the In signal strength increases 
towards the rear of the layer and the Cu signal falls more slowly into the Mo layer than the 
others, however these effects are likely to arise from forwards sputtering effects.  For the 
Cu(In, Ga)Se2 layer, there is a change in the relative signal strengths ~800nm from the 
surface of the layer.  This corresponds to the approximate position of the interface between 
the Cu2Se and (In, Ga)2Se3 regions of the modified precursor layer.  Slightly different 
structural properties above and below this boundary following selenization could cause 
changes in secondary ion yields even for a homogeneous composition.  It is therefore unclear 
whether this represents a real change in composition of simply a measurement artefact. 
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Figure 26: Depth profiles of chalcopyrite layers produced by selenization of modified precursor layers.  
Left) CuInSe2 measured by XPS.  Right)  Cu(In, Ga)Se2 measured by SIMS.  In both cases the depth 
profiles are broadly homogenised as a result of the selenization treatment. 
For many Cu-In-Ga-Se precursor structures reported in the literature, segregation of Ga 
towards the Mo back contact is observed to occur during selenization [171, 172, 254].  This is 
undesirable as it leads to reduced absorber band gap in the junction region and a 
corresponding drop in the open circuit voltage for devices processed from such absorbers.  
However, for the selenization of the modified precursor structure reported here there is little 
or no evidence of Ga migration from the surface of the layer.  This is considered to be an 
important feature of the precursor reported here as Ga segregation is a major problem for 
many Cu-In-Ga-Se-S precursors.  Finally, no evidence for the formation of a thick MoSex 
layer at the Cu(In, Ga)Se2/Mo interface is observed, as is sometimes reported for selenized 
Cu(In, Ga)Se2 layers [255].  In combination with examination of SEM micrographs (Figure 
27) this puts a limit of a few tens of nanometres on possible MoSex formation at this 
interface. 
From consideration of unit cell volumes from the JCPDS card files, no change is expected in 
the volume of the precursor layers following selenization.  However, profilometry 
measurements of selenized layers typically showed a slight increase in thickness compared to 
the precursors, though this was always accompanied by a significant increase in roughness 
that may have distorted the measurements.  More reliable evaluation of thickness changes 
was provided by comparison of SEM cross-section micrographs of samples before (Figure 
22) and after selenization (Figure 27).  Such pairs of images show no significant change in 
thickness for CuInSe2 or Cu(In, Ga)Se2 samples compared to their precursors but confirm the 
increase in roughness of all selenized layers.  Rough absorber surfaces are considered 
6.3 Characterization of selenized layers 
81 
undesirable as they increase the likelihood of shunts and increase the junction area, thereby 
increasing the effective saturation current density.   
 
Figure 27: SEM micrographs of chalcopyrite layers produced by selenization of modified precursor 
layers.  Left) CuInSe2.  Right) Cu(In, Ga)Se2.  In both cases complete recrystallization of the layers is 
observed relative to the precursors, as is significant roughening of the surfaces. 
While the grain size in selenized layers was always greatly increased relative to the precursor 
layers, samples of similar composition were observed with grains sizes varying from a 
hundred nanometres or so to greater than a micron and comparable variations were observed 
within some samples.  Large grain size has often been considered a desirable property of 
Cu(In, Ga)(Se, S)2  absorber layers to reduce barriers to carrier transport at grain boundaries.  
However, recent research has failed to demonstrate any link between grain size and cell 
efficiency for high efficiency Cu(In, Ga)Se2 solar cells [256, 257].  Limited evidence for void 
formation both within the Cu(In, Ga)Se2 layers and at the Cu(In, Ga)Se2/Mo interface (such 
as those visible in Figure 27) was observed.  However it was not possible to rule out that 
these had been caused during the cleaving process used to prepare the samples for imaging.  
Consistent with the SIMS measurement shown in Figure 26, no evidence of MoSex formation 
was observed in SEM cross sections. 
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It can be seen from the characterization presented in this Section that the modified precursor 
layers may be converted into single phase Cu(In, Ga)Se2 layers as intended.  The next Section 
looks at the reactions that occur during the selenization treatment in more detail. 
6.4 Reaction kinetics of precursor conversion to chalcopyrite 
6.4.1 Characterization of partially selenized layers 
It is clear from the above analysis of selenized precursors that single phase chalcopyrite 
absorber layers can be produced from the modified precursors.  However, optimization of the 
selenization process requires an understanding of the kinetics of the reactions involved in 
converting the mixed phase modified precursor layers into single phase absorber layers.  In 
order to investigate this reaction pathway the selenization process was interrupted at different 
stages to allow partially selenized precursor layers to be analysed.  Temperature 
measurements reported in this section refer to substrate zone reference temperatures; the Se 
crucible was heated to ~300°C as in the previous section. 
The first significant change in the modified precursor layers was observed to occur at a 
temperature between 200°C and 250°C.  Figure 28 shows typical XRD diffractograms 
measured from partially selenized layers for which the selenization process was terminated at 
250°C.  One of the diffractograms was measured from a Ga-free sample and the other from a 
sample containing Ga.  Both diffractograms show the peaks associated with the III-VI phases 
present in the modified precursor layer (Figure 21) as well as some additional peaks.  In the 
case of the Ga-free partially selenized layer, the diffractogram shows an additional very 
strong peak at 31.08°, identified as the (006) peak of hexagonal CuSe (JCPDS 49-1457).  For 
the Ga-containing partially selenized layer, many more diffraction peaks are observed, all of 
which can be associated with copper selenide phases with the general formula CuSey 
(1 ≤ y ≤2) (JCPDS 49-1457, 83-1814 and 19-0400).  The copper selenide phases detected in 
the partially selenized precursors are characterised by higher [Se]/[Cu] content than the 
copper selenide phases detected in the modified precursor layers (i.e. Cu2-xSe, Cu3Se2 and 
Cu5Se4).  This indicates that the selenization reaction begins below 250°C, with the reaction 
of Cu-rich copper selenides and Se vapour to form copper selenides with an increased Se 
content.  The slightly different behaviour of the layers in the presence of Ga is likely due to 
the multi-phase nature of the Ga-containing initial precursor layers, in contrast to the single 
phase, γ-In2Se3, Ga-free initial precursor layers. 
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Figure 28: Left) XRD diffractograms of partially selenized layers both with and without Ga.  The Se 
source was heated as normal but the selenization was terminated when the substrate temperature reached 
250°C.  Unlabeled peaks correspond to the indium (gallium) selenide phases identified in the precursor 
layers prior to selenization.  Right) Raman spectra of partially selenized layers. 
Typical Raman spectra are shown in Figure 28 for partially selenized modified precursor 
layers.  The selenization of a Ga-free modified precursor layer was interrupted at 250°C and 
the selenization of a modified precursor layer containing Ga was interrupted at 280°C.  The 
Raman spectra of both layers exhibit a peak around 260cm-1 that is characteristic of copper 
selenide compounds.  Since it was not possible to detect the Raman signal at wavenumbers 
below 100cm-1, it was not possible to clearly distinguish between different copper selenide 
phases.  However, for some Ga-free samples a blue shift of up to 3cm-1 was observed for the 
copper selenide peak at 260cm-1 relative to its position for un-annealed modified precursor 
layers.  This shift in peak position was sometimes accompanied by the appearance of a 
weaker peak around 275cm-1, as seen in Figure 28.  Such a shift has been associated with 
CuSe phases in the literature [258], however, it is close to the resolution and calibration limit 
of the instrument used in this work.  The peak at 275cm-1 could not be definitively identified, 
however, the Raman spectrum of CuSe2 has been reported to contain a principal peak at 
260cm-1 accompanied by a weaker peak 270cm-1 [259].  In the Raman spectra shown in 
Figure 28 for samples selenized up to 280°C, no peaks associated with indium gallium 
selenide phases are observed.  Since there is no expected loss mechanism for indium or 
gallium during annealing under Se excess, this is most readily explained by an increase in the 
thickness of the copper selenide surface layer.  It will be seen that this explanation is 
consistent with SEM observations of similar layers (Figure 29).  Raman spectra measured 
from layers selenized at higher temperatures indicated that the formation of chalcopyrite 
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phases began already below 380°C, as evinced in Figure 28 by the chalcopyrite A1 peak at 
175cm-1 for a sample with selenization interrupted at this temperature. 
XRD and Raman scattering measurements both indicate that the copper selenide phases 
present in the modified precursor layer begin to recrystallize at around 200-250°C in the 
presence of Se vapour.  It was often observed that after annealing at this temperature, the 
surfaces of partially selenized modified precursor layers (with and without Ga) were covered 
with small circular marks.  The marks were a different colour to the rest of the layer surface, 
though qualitatively identical Raman spectra were recorded from within the marks and 
outside of the marks.  The marks were further investigated by SEM.  Composition 
measurements made within and outside of the circular marks using EDX were found to be 
non-reproducible, most likely due to the changes in thickness and presumed strong vertical 
composition gradients.  Identical behaviour was observed for partially selenized layers both 
with and without Ga and typical micrographs are shown in Figure 29 for a Ga-containing 
layer partially selenized at 250°C.  Within the circular marks, smooth, rounded grains are 
observed, possibly sitting on top of a thin boundary layer above the Mo.  A slight decrease in 
thickness as compared to the modified precursor layer was measured for these regions. 
Outside of the circular marks, SEM micrographs show the formation of characteristic CuSe 
grains across most of the surface of the layer [260, 261], separated from the indium gallium 
selenide layer by an apparently porous boundary.  The indium gallium selenide initial 
precursor layer used to produce the partially selenized layer shown in Figure 29 was 2 
microns thick, which is close to the combined thickness of the dense and porous layers 
beneath the CuSe surface layer.  The cross section thus indicates a net increase in the 
thickness of the layer, which was also observed in profilometry measurements of similar 
samples.  As reported above, no increase in thickness occurs when Cu is incorporated into the 
initial precursor layers or when the modified precursor layers are selenized to form 
chalcopyrite.  However, SEM micrographs and profilometry measurements consistently 
showed that during selenization the precursor layers pass through a partially selenized stage 
of increased thickness.  This observation is in agreement with the Raman spectroscopy 
measurements of partially selenized samples, in which the indium (gallium) selenide Raman 
signal appeared to be masked by the surface layer of copper selenide.  Since the fully 
selenized layers were always measured to be the same thickness as the modified precursor 
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layers a decrease in thickness must occur at higher temperatures and this will be explained in 
the next Section. 
For layers converted almost entirely to copper selenide during the ion exchange process, a 
change in [Cu]/[Se] ratio from 1.7:1 to 1:1 was measured by EDX after interruption of the 
selenization treatment at 250°C.  This is consistent with the formation of CuSe from Cu2-xSe. 
 
Figure 29: SEM micrographs of a partially selenized modified precursor layer.  Both lateral and vertical 
phase segregation occurs when selenization is interrupted at 250°C. 
Care must be taken in drawing strong conclusions from the ex situ measurements presented 
above since some of the observed changes may be due to the behaviour during cooling of 
phases only present in the partially selenized samples.  This is illustrated in Figure 30 for the 
Selenization interrupted at 250°C 
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example of the partially selenized samples.  Formation of CuSey phases is consistent with the 
Cu-Se phase diagram [38] and therefore expected to occur when the precursor layers are 
heated in the presence of Se.  However, the circular patterns were not observed for fully 
selenized samples and so it is probable that they are the result of a phase segregation during 
cooling of the partially selenized samples.  For fully selenized samples the CuSe is 
transformed into Cu2-xSe or consumed by the formation of the chalcopyrite phase and so no 
phase segregation occurs and the circular marks are not formed.  
 
Figure 30: Illustration of how interrupting selenization at low temperature may lead to phase 
segregations that do not occur during the normal selenization process 
Figure 31 shows SEM images of two partially selenized precursor layers for which the 
selenization process was interrupted at 280°C and 380°C, respectively.  The Raman spectra 
of these layers were already presented in Figure 28 and indicated that Cu(In, Ga)Se2 
formation began between these two temperatures. The SEM micrograph confirms the 
presence of the large CuSe grains detected in the Raman spectrum of the sample annealed at 
280°C.  Compared to the micrographs of the sample selenized at 250°C (Figure 29) the 
porous interfacial layer is less well defined for the layer heated to slightly higher temperature.  
Larger changes are evident in the micrograph of the layer selenized at 380°C.  No evidence of 
CuSey grains is observed but a very rough surface has developed and many small voids are 
visible penetrating into the depth of the layer. 
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Figure 31: SEM micrographs of partially selenized modified precursor layers.  Left) When selenization is 
interrupted at 280°C CuSe grains are still visible sitting on the indium gallium selenide layer.  Right) 
CuSe grains are not observed when selenization is interrupted at 380°C, indicating that the formation of 
Cu2-xSe and Cu(In, Ga)Se2 begins below this temperature. 
6.4.2 Discussion of chalcopyrite formation mechanism 
In the previous Section the results of profilometry, SEM, EDX, XRD and Raman 
spectroscopy measurements were presented to characterise partially selenized precursor 
layers.  On the basis of these measurements a reaction mechanism for the conversion of the 
modified precursor layers into chalcopyrite will be proposed here.  The equations presented 
in this section are written for the Ga-free modified precursor layers, since the phase 
composition of these precursors could be determined more accurately.  However, the 
reactions involving copper selenides and Se are expected to be very similar for both Ga-free 
and Ga-containing modified precursor layers. 
Characterization of the modified precursor layers presented in Chapter 5 showed that Cu-rich 
copper selenides (such as Cu2-xSe, 0 ≤ x ≤0.2) are formed during the precursor preparation 
stage.  While these phases are stable at room temperature, they are not the equilibrium phases 
expected at such low temperature in the presence of excess Se [38].  Rather, CuSe is the 
equilibrium phase under such conditions for temperatures up to 377°C.  Characterization of 
Selenization interrupted at 380°C Selenization interrupted at 280°C 
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partially selenized layers, presented in the previous Section, indeed showed that CuSey 
(1 ≤ y ≤2) phases are formed according to Equation 9 during selenization. 
Cu2-xSe + (1 – x) Se(Evaporated) → (2 – x) CuSe (0 ≤ x ≤ 0.25)   
Formation of CuSey phases from Cu2-xSe phases involves a volume increase of +20-140% 
based on room temperature unit cell dimensions from the JCPDS records and this accounts 
for the observed increase in thickness of partially selenized layers (Figure 29).  Upon 
reaching temperatures greater than the decomposition temperature of CuSey (377°C), the 
large grains of CuSey are observed to collapse (Figure 31).  Two different reactions are 
occurring by this stage, both accompanied by the loss of Se and a loss in volume. These 
reactions are identified as the cause of the rough morphology of the chalcopyrite layers 
produced by this method as well as by selenization of stacked elemental layers [262].  The 
two reactions are the conversion of CuSey back to Cu2-xSe above 377°C according to 
Equation 10 (i.e. the backwards reaction of Equation 9) and the reaction of CuSey with In2Se3 
to form CuInSe2 according to Equation 11.  The latter reaction has been observed by in situ 
XRD of binary selenide bilayers deposited by vacuum evaporation annealed above 230°C 
[263], however it was not observed to occur at such low temperatures here.  A possible 
explanation for the observed difference in CuInSe2 formation temperature could be the Se 
vapour pressure in the selenization system.  Alternatively, it is possible that the sensitivity of 
the XRD measurements was insufficient to detect the chalcopyrite phases until the reaction 
had progressed further. 
(2 - x) CuSe → Cu2-xSe + (1 – x) Se(Evaporated)    
2 CuSe + In2Se3 → 2 CuInSe2 + Se(Evaporated)    
As the Cu2-xSe is formed it can react with the In2Se3 to form CuInSe2 according to Equation 
12 (shown for the case that x = 0).  From investigation of diffusion couples and stacked 
evaporated selenide layers this reaction is reported to occur only above 425°C [238, 260, 
264]. 
Cu2Se + In2Se3 → 2 CuInSe2      
Since the formation of chalcopyrite was observed to begin below 380°C it is likely that at 
least some of the Cu(In, Ga)Se2 is formed according to Equation 11.  However this reaction is 
Equation 10 
Equation 11 
Equation 12 
Equation 9 
6.5 Effects of delayed selenium supply during selenization 
89 
reported to be slow due to the lack of an ion conductive educt [260] and so is unlikely to 
reach completion before Cu2-xSe formation begins.  Formation of chalcopyrite is therefore 
likely to have also occurred during the highest temperature stage of selenization, according to 
Equation 12.  Since the layers used in this work were Cu-poor, this reaction would have 
consumed all remaining copper selenides, preventing the formation of CuSe during cool 
down (Equation 9). 
The reaction of Ga and gallium selenide with copper selenide has been reported to be slower 
than the reaction of In and indium selenide with copper selenide and to begin at higher 
temperatures [172, 264]. These differences in reaction kinetics lead to the formation of 
CuInSe2 before CuGaSe2.  Since the chalcopyrite formation reaction often occurs from the 
precursor layer surface (where Se is supplied), for many precursors this leads to an effective 
migration of In towards the surface and the formation of a CuInSe2 layer over a CuGaSe2 
layer.  Quaternary Cu(In, Ga)Se2 formation can then only occur by slow interdiffusion of the 
two layers of ternary chalcopyrites.  The undesirable Ga segregation that is reported for many 
selenized Cu(In, Ga)Se2 layers produced from stacked metal or alloy precursors is attributed 
to the incomplete interdiffusion of the ternary chalcopyrites following their separate 
formation [172, 264].  In contrast to Cu(In, Ga)Se2 layers produced from many other stacked 
precursors, no Ga segregation was observed when using the modified precursor layers 
developed during this work.  This is most likely because the In and Ga are already mixed and 
bound to Se throughout the depth of the precursor layer and so relatively immobile. 
6.5 Effects of delayed selenium supply during selenization 
In order to try and improve the morphology of chalcopyrite layers produced from the 
precursors developed during this work attempts were made to suppress the formation of 
CuSey during the selenization process.  This would be expected to eliminate the large gain 
and subsequent loss of precursor layer thickness during selenization and thereby produce 
smoother absorber layers.  To this end, experiments were performed where the supply of 
additional Se to the precursor layers during annealing was delayed until the substrate 
temperature exceeded 377°C, the temperature at which CuSe transforms to Cu2-xSe with a 
loss of Se vapour.  For these experiments, the tube furnace work tube was cleaned in nitric 
acid to remove all traces of Se before annealing began. 
Initially, modified precursor layers were heated in the clean quartz tube to 250°C without a 
Se crucible being present.  An XRD diffractogram and SEM micrographs of one of these 
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layers are shown in Figure 32 and Figure 33 (Left), respectively.  The indium gallium 
selenide peaks in the diffractogram are broadened relative to the as-deposited layer (Figure 
15) and the peaks at 27.1° and 44.6° are strengthened relative to the others.  This 
strengthening is attributed to an improvement in the crystallinity of the Cu2-xSe phases 
present in the modified precursor layer.  No changes in cross section or morphology as 
compared to the modified precursor layer (Figure 22D) are observed from the SEM 
micrographs, in stark contrast to those observed for the identical thermal treatment in the 
presence of Se (Figure 29).  This confirmed that the formation of CuSe from the Cu2-xSe 
present in the modified precursor does not occur in the absence of an external source of Se 
and that no other phase or morphology changes occur during heating to 250°C in the absence 
of this reaction. 
 
Figure 32: Left) XRD diffractograms of layers annealed with no Se supplied below substrate 
temperatures of 400°C.  Indexed peaks refer to Cu(In, Ga)Se2.  Right) Raman spectrum of a precursor 
annealed with no Se supplied below 400°C, the labelled modes refer to Cu(In, Ga)Se2. 
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Figure 33: Left) SEM micrograph of a modified precursor layer annealed at 250°C in inert atmosphere.  
Right) SEM micrograph of a Cu(In, Ga)Se2 layer produced by selenization of a modified precursor layer.  
Se was only supplied once the substrate temperature reached 400°C. 
Having established that the CuSe formation reaction could be suppressed by removing the 
supply of Se, modified precursor layers were annealed with the same heating pattern as used 
previously, with the exception that heating of the Se crucible was started only once the 
substrate temperature reached ~400°C.  The XRD diffractogram and Raman spectrum shown 
in Figure 32 show that Cu(In, Ga)Se2 was still formed by this modified annealing process.  
Diffraction from the (112) chalcopyrite planes is very weak, indicating a degree of preferred 
orientation in this sample that was absent for layers annealed with a continuous supply of Se.  
While this preferred orientation was observed for other samples annealed in this manner, it 
should be noted that it was not always so strong.  This suggests that the preferred orientation 
of the chalcopyrite layers is sensitive to the supply of Se during selenization of the modified 
precursor layers. 
In contrast to the matt finish observed for samples annealed with a continuous supply of Se, 
layers annealed with delayed Se supply were specularly reflective.  This difference is 
Annealed 250°C, no Se Annealed 575°C, Se above 400°C 
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explained by the smoother surface evident in Figure 33 (Right) as compared to Figure 27.  
SEM measurements were made of other layers with similar compositions annealed with 
continuous and delayed Se supply and smoother surfaces were always observed for absorbers 
annealed with delayed Se supply.  However, the smoother layers did not always show smaller 
grain sizes (Figure 34).  As already described in Section 6.3, large variations in grain size 
were observed for layers annealed with continuous Se supply as well and its cause is not 
understood. 
 
Figure 34: Left) SEM micrograph of a Cu(In, Ga)Se2 layer produced by selenization of a modified 
precursor layer.  Se was supplied throughout substrate heating.  Right) SEM micrograph of another 
Cu(In, Ga)Se2 layer produced by selenization of a modified precursor layer.  Se was only supplied once 
the substrate temperature reached 400°C.  Continuous supply of Se results in rougher Cu(In, Ga)Se2 
layers but does not determine grain size. 
The SIMS depth profile of a Cu(In, Ga)Se2 layer processed by annealing a modified 
precursor layer with delayed Se supply is shown in Figure 35.  The elemental depth profiles 
are very similar to those presented for a sample annealed with a continuous supply of Se 
(Figure 26).  There is a slightly stronger decrease in the Ga signal towards the surface of the 
layer annealed with delayed Se supply.  It has been reported previously that the diffusion of 
Group III elements may be more rapid in Se deficient chalcopyrite layers due to the presence 
of Se vacancies [172].  It is possible that a small loss of Se occurs during annealing when the 
supply of Se is sufficiently delayed and that this facilitates enhanced segregation of In to the 
front surface of the Cu-In-Ga-Se modified precursor layers.  However, many more 
experiments and measurements would be required to confirm the role of Se supply in 
determining Ga grading in the Cu(In, Ga)Se2 layers produced from the precursor layers 
developed here. 
Annealed 575°C, Se above 400°C Annealed 575°C, continuous Se 
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Figure 35: SIMS depth profile of a Cu(In, Ga)Se2 layer produced by selenization of a modified precursor 
layer.  Se was only supplied once the substrate temperature reached 400°C.  Despite the delayed supply of 
Se, the depth profile is still homogenised relative to the precursor layer. 
Delaying the supply of Se during annealing of the modified precursor layers to substrate 
temperatures greater than 400°C prevents the formation of CuSey type phases and hence 
ensures that the chalcopyrite formation reaction involves only Cu2-xSe phases.  This prevents 
the expansion and contraction of the copper selenide layer that is experienced in the presence 
of Se at temperatures below 400°C and consequently leads to smoother absorber morphology.  
Due to the difficulty in cleaning the quartz furnace tube of Se without breakage, a task that 
had to be repeated after every experiment, only a small quantity of samples were processed in 
this manner and very few devices were made using these absorbers.  No improvements in cell 
performance were observed relative to the devices prepared with absorbers processed with 
continuous supply of Se.  However, there is the possibility that improvements could be 
achieved if a greater number of devices were processed and all of the stages involved 
optimised.  This would require modification to the selenization system to allow easier 
cleaning of Se from the system in between runs as the likelihood of damage occurring to the 
large quartz worktubes is rather high if they are repeatedly removed and replaced. 
6.6 Device characterization 
Solar cells were processed from both CuInSe2 and Cu(In, Ga)Se2 layers using ZnO:Al/i-
ZnO/CdS window layers and Al/Ni current collection grids.  Both types of device exhibited 
energy conversion efficiencies up to around 4%.  Figure 36 shows J-V measurements of the 
best of these devices and the corresponding values for Voc, Jsc, FF and η are given in Table 4.  
Both of these devices were selenized with continuous Se supply as described above.  In order 
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to calculate the remaining single diode model parameters, these experimental data were fitted 
according to the method of Chan and Phang [265].  The fitted J-V curves are shown along 
with the experimental results in Figure 36 and the extracted parameters are given in Table 4. 
 
Figure 36: Left) J-V curves for CuInSe2 and Cu(In, Ga)Se2 cells produced during this work.  Points are 
experimental data, solid lines are modelled fits.  Right) EQE of the same Cu(In, Ga)Se2 device, solid line is 
to guide the eye. 
Table 4: Cell parameters of the devices presented in Figure 36. 
 
Material 
Area / 
cm2 
Voc / mV Jsc / mAcm
-2 FF / % Eff / % Rs / Ω Rp / Ω A J0 / 
mAcm-2 
CuInSe2 0.6 284 28.5 51.1 4.1 3.5 197 1.1 1.1e-3 
Cu(In, Ga)Se2 0.3 293 24.2 49.5 3.5 3.8 359 2.4 1.9e-1 
 
The cells are primarily characterized by very low open circuit voltages and Rp/Rs ratios 
around a factor of 10 lower than is required for good fill factor.  The fitted ideality factors 
suggest that the two devices suffer from rather different problems.  The desirable, low 
ideality factor calculated for the CuInSe2 device is similar to that reported for the world 
record device.  However, the much higher value calculated for the Cu(In, Ga)Se2 device 
suggests that tunnelling assisted recombination is occurring due to a high density of defects at 
the absorber-buffer interface [206].  The saturation current densities calculated for both 
devices are significantly higher than those reported for higher efficiency solar cells.  While 
some increase in J0 is expected due to the large interface area of the rough absorber surface, 
the values calculated here are orders of magnitude larger than those calculated for the record 
devices, indicating a much greater recombination rate in these devices than can be explained 
simply by scaling of the interface area due to surface roughness. 
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An external quantum efficiency measurement of the best Cu(In, Ga)Se2 cell is presented in 
Figure 36.  The decrease in EQE at wavelengths below 550nm corresponds to absorption by 
the CdS buffer layer and some collection losses are expected below this wavelength.  
However, the size of the loss observed here suggests that the CdS buffer layer was too thick 
for optimal current generation (though it has been suggested that thick buffer layers may be 
desirable for rough absorber layers as they have the potential to reduce shunting and improve 
overall cell performance [150]).  Above 550nm, the EQE data show good collection 
efficiency up to 750nm, with collection falling slowly for longer wavelengths.  The drop in 
EQE at wavelengths above 750nm indicates that the minority carriers have short diffusion 
lengths, presumably due to high recombination rates.  Low minority carrier lifetime leads to a 
greater decrease in the EQE at longer wavelengths than at shorter wavelengths since electron-
hole pairs are generated further from the heterojunction by lower energy photons.  The slow 
decrease in EQE up to 1200nm suggests that the absorber material in this device may not 
have a single, constant band gap energy.  Rather, it is consistent with a graded band gap 
structure that allows photons with energy close to the band gap of pure CuInSe2 to contribute 
to the photocurrent. 
6.7 Conclusions 
Chapter 5 presented a new precursor layer preparation method based on ion exchange of Cu 
into indium (gallium) selenide initial precursor layers.  In this Chapter it has been shown that, 
by annealing with Se vapour, these modified precursor layers may be converted into single 
phase chalcopyrite CuInSe2 or Cu(In, Ga)Se2 suitable for use in solar cells. 
The copper selenide and indium (gallium) selenide phases in the modified precursor layers 
are distributed with a strong compositional depth profile.  During selenization the distribution 
of elements throughout the depth of the layers is homogenised, leading to chalcopyrite layers 
of uniform composition.  In the case of Ga-containing precursors Ga segregation is avoided, 
possibly due to the low mobility of Ga in the mixed phase selenide precursor layers.  This is 
seen as an important strength of the precursor layers developed here, as segregation of Ga 
during annealing is a frequently encountered problem when working with stacked metal and 
selenide precursor layers and leads to solar cells with reduced open circuit voltages. 
Investigation of the kinetics of the selenization reactions showed that the copper selenide in 
the modified precursor layers reacts with Se vapour from the selenization ambient at low 
temperature, causing a volume expansion that is reversed at higher temperatures.  This leads 
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to chalcopyrite absorber layers with a disrupted morphology and increased interface area 
between the absorber and buffer layers.  By delaying the supply of Se until the substrates 
reach high temperatures, Cu(In, Ga)Se2 layers with a smooth morphology can be produced.  
However, due to the technical difficulty of cleaning the large quartz work tubes used for 
selenization, only a limited number of absorber layers were processed using this delayed 
selenization treatment.  The use of H2Se or diethylselenide as Se source would enable 
improved control over the timing of the Se supply to the precursor layers during selenization 
and allow easier optimization of the delayed Se treatment.   
Solar cells containing chalcopyrite layers produced from the modified precursors have 
demonstrated encouraging energy conversion efficiencies of up to 4%.  The solar cells exhibit 
relatively high current generation, though this is offset by very low open circuit voltages and 
parallel resistances.  Extraction of the single diode model device parameters indicates that the 
cells have ideality factors close to 2 and very high saturation current densities, suggesting a 
poor interface quality between the absorber and buffer layers.  It is expected that process 
optimization, in particular of the delayed selenization treatment and the window layer 
deposition could lead to further improvement in the efficiency of solar cells produced from 
these layers. 
One approach that has led to improvements in the efficiency of solar cells produced from 
selenized precursors is the use of very high heating rates to avoid phase segregations and 
transformations at low temperatures during precursor heating.  The application of these so-
called rapid thermal processing techniques to the precursors developed during this work is 
presented in the next Chapter. 
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7 Chalcopyrite formation by rapid thermal processing 
7.1 Scope of this Chapter 
This Chapter presents preliminary experiments that were performed using a rapid thermal 
processing system to produce chalcopyrite layers from the precursor layers developed during 
this work.  The chalcopyrite layers produced by rapid thermal processing and solar cells 
containing them, will be characterised and compared to those prepared by tube furnace 
selenization that were presented in the previous Chapter.  Additionally, the precursor 
preparation method was extended to the CuInS2 system and chalcopyrite layers formed from 
all-non-vacuum deposited precursors will be presented.  The Chapter will conclude with 
characterization of the impurities present in the modified precursor layers and show that 
alkali ions incorporated from the ion exchange bath along with Cu are possibly to blame for 
the low solar cell efficiencies achieved. 
7.2 Background 
7.2.1 Rapid thermal processing of solar cells 
As demonstrated in the previous Chapter, the supply of chalcogen and the heating profile 
during selenization have a pronounced effect on the structural properties of chalcopyrite 
layers produced from the ion exchanged precursors.  Such observations are true of all 
precursor conversion reactions and some researchers have promoted the use of rapid thermal 
processing (RTP) as a method for achieving improvements in the quality of chalcopyrite 
layers produced by selenization [247].  RTP achieves extremely high heating rates, often 
above 1000°C/s as compared to around 50°C/s for the sort of tube furnace system employed 
in the previous Chapter.  Such high heating rates are achieved by using lamps to provide heat 
optically, as opposed to the resistive heating elements used in most tube furnaces.  During 
RTP samples are often placed in or on a susceptor designed to efficiently absorb the heating 
light. 
The scientific (as opposed to commercial) advantages of such high heating rates have been 
cited as the avoidance of undesired phase transformations and mass transport that occur at 
temperatures in between room temperature and the target temperature for Cu(In, Ga)(Se, S)2  
formation.  For example, in the case of selenizing stacked elemental layers of Cu, In and Se 
with low heating rates the de-wetting of Se from the surface led to rough absorber 
morphology and low device efficiencies [247].  Implementation of a rapid thermal processing 
system for selenization was reported to increase solar cell efficiencies from 3% up to 10%.  
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Formation of the binary compound Cu2Se during slow heating was also cited as a problem for 
stacked elemental precursors [247], though later studies using in situ XRD have shown that 
Cu2Se phases form during RTP heating as well [264].  Nevertheless, considering the 
improvements in solar cell morphology and efficiency achieved by the implementation of 
RTP for this [247] and other Cu(In, Ga)Se2 precursors [92], RTP is identified as being a 
superior selenization technique to tube furnace annealing.  In particular, for the ion 
exchanged precursors developed here, RTP may circumvent the formation of CuSe below 
377°C during heating and thereby reduce disruption of the absorber layer morphology. 
From a commercial point of view, RTP is considered to be an industrially desirable process 
technology as it has a low thermal budget and short process cycle, allowing higher 
throughput and lower energy costs than conventional furnace annealing.  As such, RTP is 
already used extensively in the integrated circuit market and is beginning to be deployed for 
Si PV manufacturing [266].  Batch based RTP systems have been demonstrated for 
commercial Cu(In, Ga)(Se, S)2 module production and are being developed as part of turn-
key Cu(In, Ga)(Se, S)2 production lines [267, 268].  However, adaptation of RTP for 
continuous in-line processing is an engineering challenge, as is maintaining heating 
homogeneity across monolithically integrated (patterned) modules, though this challenge is 
already being investigated by the c-Si photovoltaics industry [269]. 
7.2.2 Rapid thermal processing in sulphur ambient 
Unlike the tube furnaces used in the previous chapter, the RTP system with which the work 
presented in this Chapter was performed offered the capability to anneal the precursors in the 
presence of both S and Se vapour.  This offered two opportunities that were previously 
unavailable during this work: 
1. Replacement of some or all of the Se in the precursors with S during annealing; 
2. Formation of CuInS2 by the ion exchange route using indium sulphide precursors. 
The first approach, of Se substitution by S, has been demonstrated by other researchers [270-
272] in order to widen the band gap at the surface of Cu(In, Ga)Se2 absorber layers.  This 
approach is sometimes suggested as a counter-measure to mitigate the effects of Ga 
segregation in cases where selenized absorber layers are Ga depleted at the front surface.  Ga 
depletion leads to reduced band gap energy and hence Voc, effects that can be countered by 
sulphurization of the surface [171].  The presence of S in mixed Se-S absorber layers has also 
been reported to decrease the concentration of deep trap states [273].  Ga depletion is not a 
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problem for the absorber layers produced from the ion exchanged precursors.  Nevertheless, 
sulphurization of the surface of these absorbers was identified as a possible method of 
increasing the open circuit voltage of devices incorporating them. 
The second approach, formation of CuInS2, is attractive from the point of view of non-
vacuum device processing as the best CuInS2 absorber material is grown Cu-rich [274], 
which should allow the fluxing properties of CuS to be exploited during annealing [275].  
Additionally, the exact Cu-excess is reported to be relatively unimportant to the final 
efficiency of co-evaporated devices [276], so long as sufficient CuS is formed to 
homogeneously coat the absorber surface and an etching treatment is applied to remove the 
excess CuS before the buffer layer is deposited [274].  Therefore, it should be possible to use 
non-vacuum methods to deposit a precursor structure that is globally Cu-rich and then 
remove the CuS by etching.  Inhomogeneities in precursor deposition (which are likely to be 
larger for non-vacuum deposition than for vacuum deposition) will then translate into 
thickness variations but not material quality variations.  Naturally, care must be taken that 
thickness variations are not too great as this will lead to localized heating during operation 
due to inhomogeneous photocurrent generation or in the worst cases shunts through the 
device.  Finally, non-vacuum preparation of sulphide precursor layers should be significantly 
easier than preparation of their selenide analogues due to differences in sulphide and selenide 
chemistry.  For a given chalcogenide chemical, the S analogue is in general less toxic, more 
stable during exposure to light [180] and moisture [177] and often more readily available than 
the Se analogue.  With respect to vacuum deposited absorbers, CuInS2 PV devices have yet to 
reach the energy conversion efficiencies demonstrated by Cu(In, Ga)Se2 devices, with the 
current efficiency records standing at 12.2% energy conversion efficiency (cell) [277], 11% 
(mini-module) [241] and 7.5% (commercial module, data sheet value). 
The formation of CuInS2 by ion exchange and annealing with H2S was previously reported 
for nano-rod structures.  It was shown that the mixed copper sulphide – indium sulphide 
structures formed could be converted to CuInS2 by annealing with H2S [209].  The precursor 
layers were prepared by first converting chemically deposited ZnS into InS and then partially 
converting the InS to CuS.  Despite its ease of deposition, the use of ZnS as initial precursor 
is expected to lead to high levels of Zn doping in the final CuInS2 layer since the Zn-In ion 
exchange reaction rate will become very slow as the Zn content in the InS layer approaches 
zero.  Additionally, these materials were synthesized as nanorods, with the goal of producing 
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nano-structured PV devices, not thin film PV cells.  Such nano-structures are characterised by 
an extremely high surface-area to volume ratio and this can cause reactions to take place that 
would not otherwise occur.  While the successful formation of CuInS2 nano-rods is indicative 
that the Cu-In ion exchange reaction should proceed for indium sulphide thin films in Cu 
solution, it does not guarantee it.  Indeed, the possibility exists that, unlike in the selenide 
system, the resulting mixed phase (copper sulphide, indium sulphide) layers might 
delaminate due to stresses introduced during Cu incorporation or that the exchange reaction 
might not proceed past a thin surface layer due to a lack of ionic conductivity in the copper 
sulphide surface layer.  However, it will be seen from results presented in this Chapter that 
this is not the case and that copper sulphide – indium sulphide mixed phase thin film 
precursor layers may be formed by ion exchange. 
7.3 Experimental methods 
7.3.1 Rapid thermal processing system  
Rapid thermal processing of modified precursor layers was performed using a commercially 
available bench top RTP system configured for use with chalcopyrites (Figure 37).  The 
modified precursor layers were placed onto a graphite susceptor surrounded by glass plates to 
minimise heating inhomogeneities due to edge effects.  10mg of chalcogen powder was 
spread around the glass plates and the whole susceptor base was covered by a graphite top 
susceptor before being loaded into the RTP chamber. 
 
Figure 37: Schematic of the rapid thermal processing system used to selenize and sulphurize the modified 
precursor layers. 
Graphite susceptor 
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Figure 38 shows a typical heating profile for the RTP furnace, as measured by thermocouples 
above and below the susceptor and a pyrometer focussed on the base of the susceptor.  
Annealing was performed by ramping the precursor layers to approximately 550°C in 1 
minute and holding them at this temperature for 5 minutes.  For comparison, the tube furnace 
systems used in Chapter 6 required slightly more than 10 minutes to reach this temperature.  
Heating was performed under argon gas at atmospheric pressure and empty runs of the 
system were used to clean the chamber when swapping between S and Se. 
 
Figure 38: Typical rapid thermal processing heating profile.  The substrate temperature is measured with 
2 thermocouples, one above and one below the susceptor and a pyrometer focussed on the base of the 
susceptor. 
Initial experiments showed that the 1mm soda lime glass used previously in this thesis did not 
consistently survive RTP, in particular when coated with Mo.  Therefore, 3mm thick soda 
lime glass supplied pre-coated with Mo by Saint-Gobain was used for preparation of the 
indium gallium selenide-based precursors used for the RTP studies.  When Cu(In, Ga)(Se, S)2 
preparation is performed without an alkali diffusion barrier it is sensitive to the properties of 
the glass substrate that is used.  To the best of the author’s knowledge this 3mm glass has 
been used in the production of Cu(In, Ga)(Se, S)2 solar cells with up to 11.3% efficiency by 
electrodeposition [92, 278] and so can be considered suitable for Cu(In, Ga)(Se, S)2 
processing. 
The RTP system used for this work was located at the Laboratoire Cellules Solaires en 
Couches Minces in Paris and operated under the supervision of a member of the technical 
staff at that institute.  Since the experiments reported here were considered preliminary, 
access to the system was somewhat constrained by time and the requirements of projects 
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deemed to be higher priority.  As such, not every desired experiment could be run and the 
total number of samples that could be processed was fewer than would otherwise be desired.  
Nevertheless, interesting observations were made on samples processed with this equipment 
and while preliminary, some important conclusions could be drawn. 
7.3.2 Deposition of indium sulphide initial precursor layers 
In order to demonstrate all-non-vacuum formation of chalcopyrite layers using the Cu 
incorporation method developed here, indium sulphide layers were deposited by the 
atmospheric pressure technique of spray pyrolysis.  Spray pyrolysis is a suitable, low-cost 
technique for coating large areas, however, it has never been used successfully for the 
deposition of high efficiency Cu(In, Ga)(Se, S)2 solar cells.  The likely reasons for this are the 
incorporation of a high fraction of impurities (such as C, O and Cl) and unfavourable kinetics 
leading to the formation of very small grains of Cu(In, Ga)(Se, S)2 which, once formed, 
cannot be sintered [155].  These issues are of less concern when forming a precursor layer 
that will undergo a high temperature annealing treatment that causes chemical and structural 
recrystallization, such as sulphurization.  In addition to achieving grain growth during the 
chalcopyrite formation reactions, as observed for vacuum evaporated indium (gallium) 
selenide initial precursors in Chapter 6, sulphurization might volatilize impurities 
incorporated into the sprayed initial (III-VI) precursor and drive them from the layer. 
Spray pyrolysis deposition requires the generation of an aerosol of a precursor solution and 
there are several methods available for doing this.  For deposition of the indium sulphide 
initial precursor layers, ultrasonic generation of the aerosol was selected over pneumatic or 
electrostatic methods.  Ultrasonic aerosol generation was selected as it produces very fine 
droplets with a narrow size distribution, both attributes that are desirable for the deposition of 
homogeneous thin films.  Additionally, higher material utilization efficiencies are achievable 
for ultrasonic spray pyrolysis than for pneumatic spraying due to reduction in the carrier gas 
velocity.  Low carrier gas velocity reduces “bounce-back” of solution at the substrate during 
deposition but cannot be used for pneumatic spraying as high velocity gas is needed to 
atomise the spray solution.  Initial work used a system based around an ultrasonic nebulizer 
that had demonstrated good results for the deposition of indium sulphide buffer layers.  
However, this system had been designed to produce layers of ~30nm thickness, as opposed to 
the 1 - 2 µm thick layers required for absorber formation.  As well as exhibiting very low 
deposition rates, the properties of the nebulised spray change over time, causing problems 
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when very long depositions are attempted.  The changes occur because the nebulising system 
consists of a chamber of fixed volume that is partially filled with the solution for pyrolysis.  
When the ultrasonic elements are activated, the remaining chamber volume is filled with the 
aerosol and this is entrained on a carrier gas that passes through the upper part of the chamber 
(Figure 39).  As the aerosol is generated and carried out of the chamber, the volume of spray 
solution in the chamber decreases and the space occupied by the aerosol increases.  This 
process has the two-fold effect of changing the mixing of the carrier gas and the aerosol and 
decreasing the mass of solution on which the ultrasonic elements are acting.  Both of the 
effects lead to changes in the properties of the spray (and hence deposited film) over time.  
To overcome these difficulties, an alternative system was built up based around an ultrasonic 
nozzle supplied by Sono-Tek Inc (Figure 39).  The ultrasonic nozzle system uses an 
oscillating surface at the tip of a nozzle to generate an aerosol as the solution leaves the 
nozzle.  So long as a constant supply of solution is provided to the nozzle, the atomising 
surface is always loaded with a constant mass of the spray solution and therefore produces an 
aerosol with consistent properties.  To ensure that the supply of spray solution to the nozzle 
was well regulated, even at extremely low flow rates, a motorised syringe pump was used to 
control the solution supply.  Since the spray nozzle in this set-up was to be in contact with 
spray solutions containing acidic InCl3 it was manufactured from a titanium alloy (Ti-6Al-
4V) in order to prevent corrosion.  Additionally, the nozzle was fitted with ports so that a 
flow of cooling gas could be maintained through the nozzle housing to prevent the 
piezoelectric oscillators over-heating in the high temperatures directly above the deposition 
zone.  In both ultrasonic spray deposition systems the aerosol was rastered over a substrate on 
a hotplate, using a computer controlled xy-table. 
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Figure 39: Top) Ultrasonic spray pyrolysis nebuliser system.  Bottom) Ultrasonic spray pyrolysis nozzle 
system.  Both systems produce a fine aerosol of the solution to be sprayed, entrained in a stream of 
carrier gas. 
The indium sulphide precursor solution was prepared from indium chloride and thiourea 
mixed in methanol [279].  Indium chloride was prepared by first dissolving indium in 
hydrochloric acid and then driving off the excess acid according to the method reported by 
Campbell [280].  Water was investigated as an alternative, lower cost and less toxic solvent 
to methanol, however, it was found to be unsuitable due to the rapid hydrolysis and 
subsequent precipitation of the indium chloride.  Substrate temperature during deposition was 
measured with a thermocouple mounted under the hotplate surface and it is these 
(uncorrected) temperature measurements that are reported throughout this section.  A 
thermocouple fixed to the front of a glass substrate with high temperature solder was used to 
estimate the difference between actual substrate surface temperature and the temperature 
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indicated by the thermocouple mounted under the hotplate surface.  These measurements 
indicated that for typical carrier gas flow rates and a set point of 300-350°C, the substrate 
surface temperature during deposition was approximately 100°C lower than that measured 
below the hotplate surface. 
7.4 Rapid thermal processing of CuInS2 
7.4.1 Characterization of indium sulphide initial precursor layers 
Investigation of the Cu ion exchange step applied to indium sulphide initial precursor layers 
required that a reproducible supply of indium sulphide layers be deposited.  Therefore, the 
deposition parameters (spray solution composition, deposition temperature and rate etc.) were 
optimised with the aim of depositing single phase In2S3 layers with good adhesion to the 
substrate, free from macroscopic defects and cracks. 
It has been reported that the greatest degree of In2S3 crystallinity is achieved when an excess 
of chalcogen is provided in the spray solution, presumably to counteract loss of sulphur due 
to evaporation at the heated substrate [281].  [S]/[In] ratios in solution of 3/2 and 5/2 were 
tested and layers produced from the stoichiometric (i.e. [S]/[In] = 3/2) solution always 
exhibited a pale yellow colour when sprayed at temperatures above 200°C, whereas layers 
produced from the S-rich solution exhibited a deeper yellow-orange colour.  The pale yellow 
colour of layers deposited from the stoichiometric solution is considered to be indicative of 
mixed sulphide and oxide formation (as indium oxide is pale yellow in colour) and these 
layers were found to delaminate when immersed in the ion exchange bath.  Therefore, a 
[S]/[In] ratio of 5/2 was used for depositing the precursor layers for ion exchange. 
The appearance and properties of indium sulphide layers deposited by spray pyrolysis varied 
greatly with deposition temperature.  At temperatures below 200°C incomplete reaction of 
the precursor salts was observed, leading to white layers containing large crystallites.  These 
crystallites are thought to be reagents from the spray solution.  Between 200°C and 275°C, 
the layers were yellow but had a whitish hue around the edges where the temperature was 
slightly lower due to inhomogeneities in the hot plate.  Layers sprayed at 300°C and higher 
were a uniform yellow-orange colour and macroscopically homogeneous.  Mo coated glass 
substrates were found to rapidly discolour when heated above 325°C in air, presumably due 
to oxidation.  Therefore, 300°C was selected for deposition of all In2S3 layers used for ion 
exchange.  Microscopically, these layers showed clear evidence of the droplet-by-droplet 
deposition that built up the layers.  This is shown in Figure 40 for a layer for which growth 
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was interrupted after approximately 100nm.  It is clear that individual droplets have landed 
and then evaporated, leaving behind the pyrolised solutes.  This deposition method is very 
different than for layers produced by the nebulising chamber system, where the solvent 
evaporates before reaching the substrate resulting in a chemical vapour deposition style 
reaction at the surface and microscopically uniform layers.  Stylus profilometry 
measurements showed that for indium sulphide layers of 0.5 – 1 µm thickness the root mean 
square roughness of the layers was typically equal to approximately 10% of their mean 
thickness. 
 
Figure 40: SEM micrographs of an indium sulphide film deposited using the ultrasonic spray pyrolysis 
nozzle system.  Deposition was interrupted after ~100nm of layer deposition.  
At 300°C deposition temperature and with 0.05M In3+ solution concentration it was possible 
to deposit layers 900 - 1000nm thick in approximately 20 minutes.  EDX indicates that such a 
layer typically still contained approximately 10 at.% Cl as a residue from the InCl3.  However 
EDX is known to be less accurate when quantising light elements such as Cl and so this 
figure is subject to considerable uncertainty. Thicker layers tended to delaminate at the edges 
and hence 1 micron layers were used as initial precursor layers during the ion exchange 
incorporation of Cu and subsequent sulphurization experiments. 
7.4.2 Cu incorporation by ion exchange and CuInS2 formation by RTP 
Once a method of depositing suitable indium sulphide initial precursor layers was 
established, the preparation of modified, (Cu-containing) precursor layers was investigated.  
The same ethylene glycol ion exchange bath was used for incorporating Cu into the indium 
sulphide layers as was developed for the indium (gallium) selenide precursors (Chapter 5, 
0.6M CuCl, 1M NaCl).  The ion exchange reaction between Cu+ in solution and In2S3 initial 
precursor layers on glass and Mo/glass substrates was found to proceed far more rapidly than 
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for indium (gallium) selenide initial precursor layers.  This is perhaps in part due to 
differences in solubility trends between sulphides and selenides but is most likely due to the 
fact that the rough, slightly porous In2S3 layers present a far larger surface area than the very 
smooth indium gallium selenide layers.  As such, a temperature of 150°C was used for ion 
exchange of the sulphide precursors to allow more accurate timing of the exchange reaction.  
At this temperature a 1 micron thick indium sulphide initial precursor layer took 
approximately 4 minutes to become slightly Cu-rich. 
Initial precursor layers deposited below 300°C on glass were found to delaminate almost 
instantly upon immersion in the ion exchange solution, presumably due to the presence of un-
reacted reagents in the layers as highlighted in the previous Section.  Indium sulphide layers 
deposited at or above 300°C on glass exhibited good adhesion until the ion exchange reaction 
was allowed to proceed for sufficient time for the layers to become substantially Cu-rich, at 
which point delamination occurred.  Indium sulphide initial precursor layers deposited on Mo 
almost always rapidly delaminated when immersed in the ion exchange bath, irrespective of 
deposition temperature and spray solution composition.  It is expected that the surface 
temperature of Mo coated glass will be different to uncoated glass during deposition due to 
differences in emissivity.  This may account for the different behaviour of films deposited 
onto glass and Mo/glass substrates under identical conditions.  However, attempts to grow 
indium sulphide layers on Mo coated glass using the nebulising chamber system consistently 
resulted in no deposition occurring, suggesting that there may also be a problem with the 
nucleation of indium sulphide on Mo.  As a result, further investigation into CuInS2 
formation from modified precursor layers was only performed on glass substrates and no 
solar cell devices could be made.  To enable device fabrication, an alternative deposition 
method may be required for In2S3 deposition, though a surface pre-treatment might aid 
adhesion to the Mo and prevent its oxidation. 
As for the selenide layers, structural characterization of sulphide samples was performed by 
XRD and Raman spectroscopy.  Diffractograms and Raman spectra of the initial and 
modified sulphide precursor layers as well as RTP sulphurized layers with various Cu 
contents are shown in Figure 41 and Figure 42, respectively.  The precursor layers were 
prepared from identical indium sulphide layers and the annealed samples were sulphurized 
under the same conditions.  Only the ion-exchange duration was varied between samples, 
from 15 seconds to 10 minutes.  During sulphurization these layers were heated to 540°C 
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(thermocouple 1 reading, Figure 37) in approximately 1 minute and held at this temperature 
for 4 minutes.  Since the layers were deposited onto plain glass there was no Mo diffraction 
pattern to use as an internal standard.  Therefore any small offsets in peak positions that may 
be present due to sample position variations in the diffractometer could not be corrected for.  
The spray pyrolysis deposited initial precursor layers exhibit diffraction peaks tentatively 
assigned to β-In2S3 (JCPDS 00-025-0390) and there is some indication of turning points in 
the Raman spectrum of this sample indicating weak peaks around 305cm-1 and 365cm-1.  
Both of these positions are very close to peaks in the β-In2S3 Raman spectrum (306cm
-1 and 
367cm-1, respectively [282]).  However, other strong peaks in the β-In2S3 Raman spectrum (at 
244cm-1, 266cm-1 and 326cm-1 [282]) are absent and so a conclusive identification cannot be 
made.  That the diffraction and Raman signals from the sprayed initial precursors are only 
weak is perhaps to be expected, as the small grain size, microscopic non-uniformity and 
chlorine contamination from the spray solution are expected to give rise to a large degree of 
disorder in the layers. 
The XRD diffractogram and Raman spectrum shown for an ion-exchanged sample (Figure 41 
and Figure 42, respectively) exhibit no strong peaks, though some weak diffraction peaks 
from the indium sulphide diffraction pattern can possibly still be distinguished above the 
background of the diffractogram. 
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Figure 41: XRD diffractograms for Cu-In-S initial and modified precursor layers and RTP sulphurized 
layers.  The sulphurized layers were produced from precursors with various [Cu]/[In] contents. 
 
Figure 42: Raman spectroscopy measurements of Cu-In-S initial and modified precursor layers and RTP 
sulphurized layers.  The sulphurized layers were produced from precursors with various [Cu]/[In] 
contents. 
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For the sulphurized layers with [Cu]/[In] < 0.8, broad, weak diffraction patterns are recorded 
(Figure 41) that can be largely accounted for by a mixture of In2S3 and CuInS2 phases 
(JCPDS 00-027-0159).  For the layer with [Cu]/[In] = 0.8, a well defined CuInS2 diffraction 
pattern is recorded, with some extra peaks around 33° possibly accounted for by CuIn5S8 
(JCPDS 01-072-0956).  For the samples prepared Cu-rich, the CuInS2 diffraction pattern is 
again observed, along with some diffraction peaks associated with chalcocite CuS (JCPDS 
01-078-0877).  This is the binary copper sulphide phase normally observed for CuInS2 
samples prepared with Cu-rich composition [283] and since these samples were not etched in 
KCN before measurement its presence is to be expected. 
The Raman spectra of the sulphurized samples (Figure 42) show broadly the same trends as 
the XRD diffractograms, with an increasingly strong CuInS2 chalcopyrite A1 peak at 290cm
-1 
being observed with increasing [Cu]/[In] ratio for Cu-poor samples [284].  This peak is 
accompanied in the Cu-poor samples by a peak at 305cm-1, which is identified as the copper-
gold ordered CuInS2 A1 peak [285].  The formation of copper-gold ordered ternary material 
was also was observed for CuInSe2 samples processed with extremely Cu-poor compositions.  
Many of the Cu-poor Raman spectra show a broad peak centred around 330cm-1, associated 
with the ordered defect phase CuIn5S8 [236].  The Cu-rich samples only exhibit the CuInS2 
A1 peak at 290cm-1 and this peak is relatively weak compared to the background signal.  
However, the strongest Raman active vibrational mode of CuS gives rise to peak at a higher 
wavenumber shift than analysed in these measurements (i.e. > 400cm-1).  Since CuS phases 
were detected by XRD (Figure 41) and when present tend to segregate to the chalcopyrite 
surface, they may therefore be responsible for attenuating the CuInS2 Raman signal. 
Following ion exchange of In by Cu, EDX measurements showed, qualitatively, that the 
modified precursor layers contain a decreased fraction of Cl and that the greater the 
incorporation of Cu (i.e. the longer the treatment time) the greater the decrease in Cl content.  
Following RTP sulphurization, no chlorine contamination could be detected in any of the 
layers by EDX.  Whilst EDX is not a trace detection technique, this indicates that the bulk of 
Cl present in the sprayed initial precursor layers is volatilized during sulphurization. 
7.4.3 Discussion of non-vacuum CuInS2 preparation 
It became clear during the preparation of the In2S3 initial precursor layers that the spray 
pyrolysis set-up used here was not optimal and that spray pyrolysis may not be an ideal 
technique for high-rate deposition of a thick precursor layer.  Completion of the pyrolysis 
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reaction and the consequent elimination of Cl from the initial precursor layers requires high 
temperatures but these same temperatures tend to lead to oxidation of the Mo back contact.  
Additionally, high deposition temperatures lead to a drastic decrease in the material 
deposition efficiency as the thermophoretic force on the droplets increases and acts to drive 
them away from the substrate.  Nevertheless, indium sulfide films close to a micron thick 
were successfully deposited on glass substrates by spray pyrolysis and it was demonstrated 
that the Cu-In ion exchange reaction can be used to convert these films to a Cu-rich 
composition suitable for CuInS2 formation.  This conversion was then demonstrated using the 
RTP furnace and elemental sulphur.  However, due to the poor adhesion of sprayed indium 
sulphide to Mo, the CuInS2 layers were only formed on bare glass substrates and no solar 
cells could be processed.  Use of TCO back contacts or superstrate cell architecture might be 
a solution to the poor adhesion of the sprayed indium sulphide films to Mo, so long as a high-
temperature-stable TCO and buffer layer capable of surviving the spray pyrolysis and 
sulphurization processes are used. 
Non-vacuum deposited layers are inherently more disordered and contain greater impurity 
concentrations than their counterparts prepared under vacuum.  Therefore, although 
preliminary, these results are considered encouraging as they show that Cu incorporation by 
ion exchange may be performed on such layers despite their high degree of disorder.  Further 
investigation of the ion-exchange approach with non-vacuum deposited initial precursor 
layers will require that an alternative deposition technique to spray pyrolysis is identified.  
This technique should be able to deposit III-VI layers with good adhesion to Mo and exhibit 
high materials utilization efficiency. 
The next Section reports the investigation of RTP of the evaporated indium gallium selenide 
precursors presented in Chapter 5. 
7.5 Rapid thermal processing of Cu(In, Ga)(Se, S)2 
7.5.1 Mo-chalcogenide formation during rapid thermal processing 
A layer of MoSex has been reported to form at the Cu(In, Ga)(Se, S)2/Mo interface during 
selenization of non-vacuum deposited precursor layers, in particular for RTP of 
electrodeposited precursors [286, 287].  However, during the work reported in Chapter 6 no 
evidence of MoSex formation as a result of tube furnace selenization was observed.  This 
limits the maximum thickness of MoSex that may have formed to a few tens of nanometres.  
In contrast, during RTP annealing of modified precursor layers pronounced MoSex formation 
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was often observed.  SEM micrographs of the Cu(In, Ga)(Se, S)2/Mo interface are shown in 
Figure 43 to compare the back contact for a modified precursor layer and three annealed 
layers.  All of these layers were prepared from Cu-rich precursors. 
Figure 43A shows a modified precursor layer on a Mo-coated glass substrate.  The Mo was 
deposited by two passes in front of a linear sputtering target and hence has a bilayer structure 
in which both Mo layers have the same thickness.  Figure 43B shows a tube furnace selenized 
layer and it is observed that the upper layer of the Mo contact has approximately doubled in 
thickness as compared to Figure 43A.  No such change was observed at any point during the 
selenization of modified precursors presented in Chapter 6.  While the Mo prepared for 
investigation of RTP was deposited on the same machine as the previous batches of Mo, the 
deposition was performed by a third party.  Therefore, it is concluded that some variation in 
the process conditions led to this Mo being particularly susceptible to molybdenum 
chalcogenide formation.  It has been reported that the oxygen partial pressure during 
sputtering of Mo has a pronounced effect on the formation of MoSex, with lower oxygen 
partial pressures leading to increased MoSex formation during RTP selenization [288]. 
Despite the thicker than expected formation of MoSex as a result of tube furnace selenization, 
examination of the micrographs of RTP samples that were sulphurized (Figure 43C) and 
selenized (Figure 43D) shows greater still Mo-chalcogenide formation.  While the base layer 
of Mo remains unchanged relative to the modified precursor layer in both micrographs, the 
upper layer has increased in thickness by a factor of close to eight for the selenized sample.  
This is larger than observed in previous studies, where a thickness increase of around 5 times 
was observed [61].  For the RTP sulphurized layer, a slightly greater increase in thickness 
over the tube furnace selenized layer is observed, though far less than for the RTP selenized 
layer. 
The SEM images in Figure 43 are supported by the observation of Mo-chalcogenide 
diffraction peaks in XRD diffractograms of RTP processed layers (Figure 44).  In these 
diffractograms, diffraction peaks associated with MoSe2 are observed for the RTP selenized 
layer but not the tube furnace selenized layer, possibly due to the poor detection limit of 
XRD.  The MoS2 (101) diffraction peak is also observed for the layer sulphurized by RTP. 
It was observed that during RTP selenization any exposed Mo at the sample edges was 
removed.  For other chalcogenization treatments it remained on the substrate, albeit 
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discoloured in many cases.  In the worst cases, on 1 mm glass, damage to the Mo was visible 
from the back side of the samples (i.e. through the glass) even underneath the Cu(In, Ga)Se2 
layer after RTP selenization.  However, this may be due in part to strain caused by the 
deformation of the 1mm substrate glass exposing the otherwise covered Mo to the chalcogen 
atmosphere. 
 
Figure 43: SEM cross sections showing changes in back contact thickness following annealing.  A) 
Modified precursor layer.  B) Following tube furnace selenization.  C) Following RTP sulphurization.  D) 
Following RTP selenization.  Double headed arrows indicate the increased thickness of the upper layer of 
Mo relative to A. 
 
Figure 44: Sections of XRD diffractograms showing molybdenum chalcogenide peaks for samples 
processed by RTP. 
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The formation of a thin MoSex interfacial layer is considered desirable for the formation of an 
Ohmic contact to Cu(In, Ga)Se2 [61, 289].  However, the formation of an excessively thick 
layer of Mo-chalcogenide is expected to lead to increases in the device series resistance and 
potentially to decrease the adhesion of the absorber/Mo(Se)/Glass stack.  The increased 
formation of MoSe2 when using RTP instead of tube furnace annealing is understood to be 
due to a difference in the reaction kinetics at different heating rates.  MoSe2 is a layered 
compound, with lamellae oriented perpendicular to the c-axis.  It was reported by Abou-Ras 
that MoSe2 formed with its c-axis perpendicular to the substrate when Mo layers were 
selenized below 500°C.  Meanwhile, MoSe2 formed above 500°C was found to form with its 
c-axis parallel to the substrate [290].  In the cases that the MoSe2 c-axis was parallel to the 
substrate, increased MoSe2 formation was observed.  This was supposed to be due to higher 
diffusivity of Se between the lamellae as opposed to through them and is consistent with the 
results presented here.  During (slow) temperature ramping in the tube furnace, it might be 
possible for a thin layer of MoSe2 to form at relatively low temperature by reaction of the Mo 
back contact with the Se in the initial precursor layer.  This MoSe2 layer would have its c-axis 
perpendicular to the substrate and act as a barrier to further reaction of Se with the Mo back 
contact.  In the RTP furnace it might then be supposed that an insufficient thickness of MoSe2 
is formed before temperatures greater than 500°C are reached and MoSe2 begins to form with 
its c-axis parallel to the substrate.  This would facilitate enhanced Se diffusion and hence 
excessive MoSe2 growth.  It was also reported in the study by Abou-Ras cited above that the 
presence of Na led to the MoSe2 c-axis being formed perpendicular to the substrate at all 
temperatures [290].  This would seem to conflict with the results presented here as these Mo 
layers were deposited onto soda lime glass, a source of Na.  However, the conflicting results 
were all recorded for Mo samples sputtered onto NaF-coated Si wafers and so it may be that 
the effect of Na is different for the indium gallium selenide/Mo/glass structures used here. 
7.5.2 Characterization of RTP Cu(In, Ga)(Se, S)2 absorber layers 
Cu-In-Ga-Se modified precursor layers were prepared for the RTP studies in the same way as 
those used for tube furnace annealing in Chapter 6, except that 3mm thick soda lime glass 
was used after the initial experiments showed 1mm glass to be unsuitable.  Both Cu-rich and 
Cu-poor precursor layers were processed by RTP, in both Se and S annealing ambient. 
Due to the somewhat preliminary nature of this work, only a small number of samples was 
processed with compositions considered relevant to the processing of solar cells.  One set of 
these samples was prepared from a single 5x5cm2 indium gallium selenide/Mo/glass substrate 
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that was halved and treated in an ethylene glycol ion exchange bath.  One half was removed 
from the ion exchange bath while its overall composition was still Cu-poor and the other half 
remained in the bath until its composition became Cu-rich.  Each of the halves was then 
halved again, producing four quarters, two with Cu-rich composition and two with Cu-poor 
composition.  This allowed a comparison of the effects of RTP selenization and 
sulphurization to be performed on identical Cu-poor and Cu-rich samples. 
Figure 45 and Figure 46 show XRD diffractograms and Raman spectra, respectively, for 
samples from both sides of the stoichiometry boundary using both chalcogen agents.  These 
samples were immersed in 10% w/w potassium cyanide (KCN) solution for 30 seconds prior 
to the measurements being made.  This etching treatment was intended to clean the surfaces 
and remove any binary copper chalcogenide phases that were present.  The diffraction 
patterns measured from the samples processed with Se indicate that chalcopyrite 
Cu(In, Ga)Se2 is formed for both Cu-rich and Cu-poor samples.  Broad diffraction peaks 
around the positions expected for the MoSe2 diffraction pattern are observed, indicating that a 
significant portion of the back contact has been converted to MoSe2.  For the sample that was 
selenized from a Cu-rich precursor, small diffraction peaks associated with Cu2-xSe are 
observed on the low angle sides of the Cu(In, Ga)Se2 (112), (220/204) and (312/116) peaks. 
This is despite etching with KCN prior to the measurements being performed.  This suggests 
that either the cyanide etch was insufficient to remove all of the binary selenide segregations 
from the layer surface or that there were segregations of copper selenide located inside the 
bulk of the layer, physically isolated from the surface. 
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Figure 45: XRD diffractograms for RTP annealed Cu(In, Ga)(Se, S)2 layers.  Both Cu-rich and Cu-poor 
samples were processed with either Se or S.  Parenthesis are excluded from Miller indices for clarity. 
CIGSe = Cu(In, Ga)Se2, CIGS = Cu(In, Ga)S2.  The diffraction pattern for the Cu-rich sulphurised 
sample is reproduced at an enlarged scale in gray above the full scale pattern to highlight the presence of 
diffraction peaks other than the very strong one arising from the (112) plane. 
For the samples processed with S, larger differences in behaviour are observed between the 
Cu-poor and Cu-rich samples than for the samples processed with Se.  The sample processed 
Cu-poor exhibits two separate chalcopyrite diffraction patterns (Figure 45), one at lower 2θ 
values than the other.  This indicates that some but not all of the Se in the precursor layer has 
been exchanged for S during annealing and that the resulting material exists as two separate 
quaternary phases (i.e. Cu(In, Ga)Se2 and Cu(In, Ga)S2).  In contrast to the sample processed 
Cu-poor, the sample processed Cu-rich exhibits only a single, sulphide, chalcopyrite 
diffraction pattern.  This material exhibits such a strong (112) orientation that it is not 
possible to make out the rest of the diffraction pattern from the normalised data at the scale 
used in Figure 45.  Therefore, the diffraction pattern is reproduced at an enlarged scale in 
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gray above the full scale pattern.  In this diffraction pattern peaks assigned to MoS2 are 
clearly observed.  MoS2 formation is only detected for the sample processed Cu-rich.   
 
Figure 46: Raman spectra for RTP annealed Cu(In, Ga)(Se, S)2 layers.  Both Cu-rich and Cu-poor 
samples were processed with either Se or S.  CIGSe = Cu(In, Ga)Se2, CIGS = Cu(In, Ga)S2. 
Raman spectra recorded from the same set of samples (Figure 46) confirm the formation of 
Cu(In, Ga)Se2 for the selenized precursors.  The Raman spectrum of the layer prepared from 
the Cu-poor precursor shows a broad hump around 155cm-1 not present in the spectrum of the 
Cu-rich sample, indicating the formation of an ordered defect compound surface layer only 
during Cu-poor processing.  However, both spectra exhibit a small peak around 260cm-1, 
indicating the presence of binary copper selenide phases alongside the Cu(In, Ga)Se2.  The 
presence of signals from both Cu-poor ordered defect compounds and binary copper 
selenides in the same Raman spectrum is unusual.  These measurements suggest that the 
surface (or near surface) of the layer is microscopically inhomogeneous, with Cu-poor 
material existing alongside stoichiometric material and binary segregations. 
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The Raman spectra of both the Cu-poor and Cu-rich sample annealed with sulphur exhibit the 
A1 (297cm-1) and B2/E (~220cm-1) peaks of Cu(In,Ga)S2 [291].  Alongside the Cu(In, Ga)S2 
Raman pattern, a peak assigned to a Cu(Se, S) phase is observed [292].  From examination of 
the frequency dependence of this mode on [Se]/([Se]+[S]) content reported in the literature, 
the Cu(Se, S) phase is  considered to have a composition close to [Se]/([Se]+[S]) ≈ 0.8 [292].  
As for the RTP selenized samples, this again indicates the presence of residual binary copper 
chalcogenides in a Cu(In, Ga)(Se, S)2 layer with bulk Cu-poor composition.  In neither 
sample is a peak at 305cm-1 observed, indicating that CuAu phase material has not been 
formed alongside the chalcopyrite material as is often the case for CuInS2 [285]. 
For the sample sulphurized from a Cu-poor precursor, no evidence is seen of Cu(In, Ga)Se2 
Raman peaks, indicating that the Cu(In, Ga)Se2 diffraction pattern observed in the XRD 
measurements arose from phases located beneath the surface of the sample.  However, a 
broad peak centred around 330cm-1 is present in this Raman spectrum that is not seen in that 
of the sample processed Cu-rich.  This peak this is assigned to the A1 mode of CuIn5S8, 
which is the ordered defect compound most frequently seen for sulphide chalcopyrites (c.f. 
Cu(In, Ga)3Se5 for Cu(In, Ga)Se2) [236]. 
SEM micrographs of the morphology of the four samples analysed above are shown in Figure 
47.  These micrographs were recorded at low magnification relative to the grain size of the 
layers in order to better examine the overall morphology of the RTP absorber layers.  The 
Cu-poor selenized layer (Figure 47) appears smoother than the layers produced by tube 
furnace annealing with continuous supply of Se (Figure 27, note different scale), however, 
many small regions of increased roughness are observed.  These are possibly indicative that 
the reaction between the copper selenide at the surface of the precursor and the indium 
gallium selenide at the base of the precursor finished in-homogeneously, with some areas 
being exposed to copper selenide for longer than others.  This would be expected to promote 
enhanced grain growth in isolated regions while the surrounding areas remained static.  
Similar patterns were sometimes observed with Cu-poor layers annealed in the tube furnace 
system. 
The Cu-rich selenized sample (Figure 47) charged slowly during measurement, indicating 
that the surface layer of the sample was electrically insulating.  The morphology of the 
sample exhibited no clear grains and was in places cracked and risen up.  This suggested that 
there may be a thin film on top of the Cu(In, Ga)Se2 layer and this was confirmed in cross 
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section measurements (Figure 48).  Since binary Cu-selenides are highly conductive, this 
surface layer is tentatively proposed to be a layer of amorphous Se deposited on the layer as it 
was cooling down in the RTP furnace.  Such a layer might be deposited due to incomplete 
consumption of the Se source material.  This indicates that the RTP system still needs further 
optimization to ensure that the best possible Cu(In, Ga)(Se, S)2 layers are produced. 
The sulphurized Cu-poor precursor exhibits a homogenously rough, fine grained morphology, 
whereas the sulphurized Cu-rich precursor appears to consist of very large, smooth grains 
with a pattern of craters or droplet edges super-imposed on the surface.  This pattern may be 
related to the removal of copper sulphide phases during cyanide etching. 
 
Figure 47: Large area (low-magnification) SEM micrographs of RTP annealed Cu(In, Ga)(Se, S)2 layers.  
Both Cu-rich and Cu-poor samples were processed with either Se or S. 
Figure 48 shows SEM micrographs of the morphology and cross section of the same set of 
samples, at higher magnification than Figure 47.  The morphology images confirm the 
observations from the large area scans.  Additionally, they indicate that the roughness of the 
Cu-poor sulphurized sample is due to the presence of segregations on the surface, possibly 
the binary copper sulfo-selenide phase detected by Raman spectroscopy. 
Cu-poor, Se Cu-rich, Se 
Cu-rich, S Cu-poor, S 
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When preparing samples for cross section images, the 3mm glass tended to cleave in such a 
way that the edge of the Cu(In, Ga)(Se, S)2 films were stepped back from the edge of the 
Mo/glass substrate.  Therefore, in Figure 48 more of the surface of the Mo(Se, S)x/Mo layer is 
visible than in other cross section images (e.g. Figure 22A).  The cross section images show 
that the RTP selenized films exhibit large grains extending in most cases through the entire 
depth of the absorber.  For the Cu-rich selenized layer, a surface film of a few tens of nm 
thickness is clearly evident and rounded grains are observed.  Such grains were observed for 
all RTP selenized Cu-rich layers and are attributed to the growth of Cu(In, Ga)Se2 grains 
within a matrix of binary copper selenide.  When the binary material is removed by cyanide 
etching it leaves behind a layer with large voids. 
The sulphurized Cu-rich layer and selenized Cu-poor layer appear very similar, though larger 
voids are visible at the back contact of the sulphurized layer.  For the sulphurized Cu-poor 
layer a clear bilayer structure is observed, consistent with the indications from the XRD and 
Raman data that two different chalcopyrite phases were independently present in the layer. 
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Figure 48: High magnification SEM micrographs of RTP annealed Cu(In, Ga)(Se, S)2 layers.  Both Cu-
rich and Cu-poor samples were processed with either Se or S.  Some of the Cu(In, Ga)(Se, S)2 layers are 
stepped back from the edge of the substrate, exposing the Mo(Se, S)x surface.  This has been labelled with 
a vertical white line for clarity. 
Cu-poor, Se Cu-rich, Se 
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Composition measurements by XRF of the two modified precursor layers used to produce 
these four samples are shown in Table 5.  XRF measurements cannot be used to determine 
the composition of the chalcopyrite layers due to the presence of the molybdenum 
chalcogenide layer at the back contact.  Since the X-ray signal is generated homogeneously 
throughout the sample, there is no way to distinguish between the Se signals from the 
chalcopyrite layer and the back contact and hence no way to quantise the chalcopyrite 
composition.  EDX measurements at 20keV do not probe the back contact region of the 2 
micron thick chalcopyrite layers.  However, they are subject to considerable uncertainty due 
to the possibility of a composition gradient within the layers (e.g. in the Cu-poor sulphurized 
layer).  Nevertheless, some useful information was gained from EDX measurements of the 
RTP processed layers already analysed by XRD and Raman spectroscopy (Table 6). 
Analysis of the raw EDX spectra identified an oxygen X-ray peak for the Cu-rich selenized 
sample, though not for any of the other samples.  There is significant uncertainty in 
quantising EDX data for low mass elements such as oxygen without a standard and hence the 
quantization shown in Table 6 for oxygen is considered to most likely be an over-estimate.  
The incorporation of oxygen is unlikely to have arisen during RTP as this occurred under Ar 
over-pressure.  More likely is that the thin film observed on the surface of the sample (Figure 
48) was oxidised while the layers were exposed to the atmosphere during the XRD and 
Raman measurements prior to the EDX measurements being made.  Additionally, it is seen 
from Table 6 that the Cu-rich sulphurized sample is not completely Se free, despite 
indications from XRD and Raman spectroscopy that the modified precursor had been 
completely converted to Cu(In, Ga)S2. 
By combining empirically derived expressions for the variation of the CuIn(Se1-x, Sx)2  [293] 
and Cu(In1-y, Gay)Se2 [294] lattice constants as a function of composition it was possible to 
use the XRD data to estimate the sample compositions after annealing according to: 
a (Å) = 5.769 - 0.253x - 0.157y  
c (Å) = 11.726 - 0.669x - 0.627y  
Since the four samples used for the XRD and Raman spectroscopy measurements presented 
in Figure 45 were cut from one initial precursor layer, they should all have identical Ga 
content.  Therefore, the Ga composition of the selenized samples was estimated first and used 
Equation 13 
Equation 14 
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to fix the value for the sulphurized samples so that the sulphur content could be estimated.  
To allow for any small, unintentional Ga gradient across the initial precursor layer, the 
[Ga]/([In]+[Ga]) ratio was calculated independently for the Cu-poor and Cu-rich samples.  
Such a gradient may have arisen due to the evaporation source geometry.  The calculated 
values are shown in Table 6. 
Table 5: XRF composition measurements of modified precursor layers used for comparison of 
selenization and sulphurization with both Cu-poor and Cu-rich composition. 
Sample Cu In Ga Se Ga/In+Ga 
Cu-poor 19 19 8 53 0.30 
Cu-rich 28 13 8 50 0.37 
 
Table 6: EDX composition measurements of RTP processed samples alongside composition ratios 
calculated from XRD.  The two values for the Cu-poor sulphurized sample refer to the two observed 
chalcopyrite diffraction patterns. 
Sample Cu In Ga Se S O From EDX From XRD 
Ga/In+Ga S/S+Se Ga/In+Ga S/S+Se 
Cu-poor Se 18 20 9 53 0 0 0.31 0.00 0.59 0 
Cu-rich Se 15 11 9 28 0 38 0.45 0.00 0.54 0 
Cu-poor S 21 18 10 13 38 0 0.35 0.75 0.59 0.13/0.79 
Cu-rich S 22 15 10 5 48 0 0.40 0.90 0.54 0.87 
 
Good agreement is observed between the EDX and XRD values for the sulphur content of the 
samples.  However, while the Ga content measured by EDX agrees with that measured by 
XRF it is significantly lower than that calculated from the XRD diffractograms.  This may be 
an indication that the films are under compressive stress after RTP annealing, resulting in a 
reduction in lattice constant.  Alternatively, the Mo layers may be under tensile stress as this 
would result in all of the chalcopyrite peaks being shifted to higher angles when the Mo (110) 
peak was shifted up to 40.5° during analysis of the XRD data (as stated in Chapter 4, the Mo 
(110) peak was used as an internal standard to account for small changes in the sample 
positioning within the diffractometer). 
7.5.3 Device characterization 
A smaller number of devices were processed by RTP than by tube-furnace annealing, 
however this sample set was sufficient to establish that similar cell efficiencies could be 
achieved.  Figure 49 shows the J-V curve for the best cell produced by RTP (which is also the 
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best cell produced from an ion exchanged precursor during this work).  The characteristics of 
this cell, determined by the same fitting method used in Section 6.6 [265] are listed in Table 
7.  Additionally, Figure 49 displays J-V curves for two other devices, RTP annealed with 
sulphur and RTP annealed under Ar with no chalcogen, respectively and the EQE curve of 
the best RTP selenized device. 
 
Figure 49: Left) J-V curves for solar cells containing RTP processed absorber layers.  The device 
containing a selenized Cu(In, Ga)Se2 absorber was the best produced using an ion exchanged precursor.  
J-V curves are also shown for a Cu(In, Ga)(Se, S)2 device and a Cu(In, Ga)Se2 device processed in inert 
atmosphere.  Right) EQE curve for the highest efficiency RTP selenized Cu(In, Ga)Se2 device. 
Table 7: Cell parameters for the best RTP selenized Cu(In, Ga)Se2 solar cell device produced during this 
work. 
Material Area / cm2 Voc / mV Jsc / mAcm-2 FF / % Eff / % Rs / Ω Rp / Ω A J0 / 
mAcm-2 
Cu(In, Ga)Se2 0.1 455 23.1 42.6 4.5 51 619 2.7 4.0e-2 
 
The most notable improvement for RTP selenized devices over the tube furnace selenized 
devices is the gain in Voc.  Although some tube furnace processed devices were constructed 
with open circuit voltages slightly over 300mV, the most efficient device had an open circuit 
voltage of just 293mV.  In contrast, many RTP selenized devices exhibited open circuit 
voltages in the range 300-450mV.  The saturation current density and diode ideality factor of 
this device are similar to those calculated for the best tube furnace selenized devices.  A 
linear fit to a ln(I) vs V plot of the dark IV measurement of this device indicated a diode 
ideality factor of ~3 and saturation current density of ~1.5e-2 mAcm-2.  This is in relatively 
good agreement with the values calculated by fitting the light IV curve to the single diode 
model (Table 7).  The parameters calculated by both methods indicate that there is a strong 
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contribution to recombination in the device from tunnelling, probably due to very high defect 
densities. 
The EQE measurement presented in Figure 49 shows a sharper long-wavelength cut off in the 
response of the best RTP processed solar cell over that of the best tube-furnace selenized 
device.  This is possibly indicative of improved absorber layer homogeneity, leading to more 
uniform band gap energy throughout the device and hence increased minimum band gap 
energy for the same material composition.  The EQE of the RTP processed device also 
exhibits slightly improved collection efficiency in the wavelength range affected by 
absorption in the CdS buffer, indicating that the buffer layer on this device is thinner than for 
the best tube furnace selenized device.  Finally with regards to the EQE, the fall in collection 
efficiency at long wavelengths appears to begin at approximately 800nm as compared to 
750nm for the tube furnace selenized device.  However, the stronger interference effect 
measured for the RTP device leads to considerable uncertainty in establishing where the fall 
truly begins and so it is not clear whether this indicates improved minority carrier lifetime. 
The gain in open circuit voltage was accompanied by a desirable increase in parallel 
resistance.  Unfortunately, the series resistance of the RTP processed devices is 
approximately an order of magnitude greater than for the devices reported in the last Chapter 
and so a net loss in fill factor is observed.  Together with a slight loss in photocurrent, this 
results in an efficiency increase that is comparable to the probable uncertainty in the 
measurements.  The large increase in series resistance is likely to have arisen as a result of the 
increased thickness of MoSex formed at the rear of the devices. 
Absorbers annealed with S or without a chalcogen never resulted in solar cells with 
efficiencies greater than ~2%. 
As stated in Section 7.3.1, only a limited number of modified precursor layers could be 
processed in the RTP furnace during this work.  The preparation of all thin film solar cells 
and in particular those based on Cu(In, Ga)(Se, S)2 absorber layers requires a large number of 
process steps (though fewer than required by c-Si wafer technology).  To ensure that the 
highest efficiency devices are produced, extensive optimization is required at each process 
step and it is known that what is optimal for one type of absorber may not be optimal for 
another (for example buffer layer thickness).  With further investigation into the application 
of RTP to the ion exchanged precursor layers proper optimization of the individual cell 
7 Chalcopyrite formation by rapid thermal processing 
126 
preparation steps could be performed.  Additionally, there will be some natural process 
variation at each process step that will lead to a distribution of device efficiencies across 
nominally identical devices, even for a mature manufacturing process.  As such, due to the 
small number of devices processed it is expected that the cell efficiencies reported in this 
section for RTP absorber layers do not represent the highest that could be achieved, even 
without modifying the precursor preparation method.    As greater numbers of devices were 
processed, sufficient process statistics could be collected to allow an accurate assessment of 
the best and mean cell efficiencies achievable using these precursors. 
7.5.4 Discussion 
The structural and device characterization results presented above indicate that 
Cu(In, Ga)(Se, S)2 layers with improved microstructure and suitability for use in PV devices 
can be formed by RTP annealing as compared to tube furnace annealing.  However, the 
observed formation of large thicknesses of molybdenum chalcogenide is undesirable and 
appears to be a feature of RTP processing of Cu(In, Ga)(Se, S)2 layers.  One possible way to 
reduce the formation of molybdenum chalcogenide would be to pre-form a thin molybdenum 
chalcogenide layer on the Mo surface before deposition of the III-VI precursor.  If this layer 
was formed with its c-axis aligned perpendicular to the substrate it would act as a chalcogen 
diffusion barrier and prevent further formation of molybdenum chalcogenides during RTP. 
The sulphurization experiments appear to have been too aggressive in replacing the Se in the 
modified precursor layers with S, as the intention was to sulphurize only the surface of the 
absorber layers.  It has been highlighted in the literature that the substitution of Se by S 
occurs more rapidly for Cu-rich material than Cu-poor material due to the presence of binary 
copper selenides [295].  Since the modified precursor layers exhibit a copper selenide surface 
layer, it might be expected that S incorporation will be rapid even for modified precursor 
layers with overall Cu-poor composition.  However, the incorporation of S could most likely 
be controlled by providing a mixed S, Se chalcogen source and by optimising the RTP 
parameters (e.g. heating profile and maximum temperature). 
While it is considered encouraging that the open circuit voltage and parallel resistance of the 
solar cells produced here were increased by RTP selenization, all of the cell parameters 
remain significantly lower than their values in high quality devices.  Improvements to the cell 
parameters are expected to be possible by proper optimization of all of the solar cell 
processing steps (buffer, contacts, etc.) applied to the absorbers produced from the ion 
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exchanged precursors.  Additionally, as stated above, the number of devices processed from 
RTP annealed absorbers was relatively limited.  It is therefore probable that some small 
further improvements could be achieved simply by processing more devices to collect good 
performance statistics while optimising, for example, the RTP heating profile and absorber 
composition. 
Encouraging solar cell results have been achieved despite the need for further process 
optimization to maximise the performance of devices processed from the ion exchanged 
precursors.  However, it seems clear that there is potentially a problem with the electronic 
properties of the chalcopyrite absorber layers produced from the ion exchanged precursors, 
irrespective of the annealing treatment.  Many factors can affect the electronic properties of 
chalcopyrite thin films, including composition, growth conditions, sample ageing and 
impurities.  During the preparation of the modified precursor layers there is opportunity for 
several species of impurities to be incorporated into the precursors, in particular O, C, Cl and 
Na.  As such, the following Section reports the results of an investigation into the potential 
incorporation of these impurities into the layers during chemical processing. 
7.6 Impurity analysis 
7.6.1 Introduction and experimental methods 
Impurities naturally have a strong effect on the electronic properties of Cu(In, Ga)(Se, S)2, 
often acting as extrinsic dopants.  They can influence the carrier density in the material, either 
increasing it or decreasing it and they can provide recombination and scattering centres that 
reduce carrier lifetimes and diffusion lengths.  Identification of the electronic activity (or 
inactivity) of impurities is an important topic, but unfortunately not yet well understood for 
the chalcopyrite system.  The role of Na in doping Cu(In, Ga)(Se, S)2 was discussed in 
Chapter 2 and another commonly studied extrinsic dopant for Cu(In, Ga)(Se, S)2 is chlorine.  
This has been shown to act as a weak donor in CuInSe2 by formation of ClSe substitutional 
defects [296].  Potential impurities that might be incorporated from the chemical baths used 
for ion exchange include Na from the complexant, Cl from both the complexant and Cu salt, 
organics from the solvent when ethylene glycol is used and oxygen.  Additionally, trace 
impurities in the reagents themselves could be incorporated as impurities in the precursor 
layers. 
Quantitative determination of impurity levels in chalcopyrite material is an extremely 
difficult task and requires extensive background experiments to determine instrument 
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sensitivities and accuracies.  Often, calibration constants only remain valid for narrow 
composition ranges, requiring further sets of measurements to establish their validity.  Such 
measurements were beyond the scope of this thesis, however a large amount of useful 
information could still be obtained from qualitative measurements.  To investigate the 
presence of potential impurities, EDX and ToF-SIMS measurements were made on indium 
gallium selenide initial and modified precursor layers.  Both of these analysis techniques have 
limitations, but they can provide useful information about the presence of potential 
impurities.  The samples were prepared from a single 5×5cm2 piece of indium gallium 
selenide evaporated onto Mo coated soda lime glass (1mm).  This sample was taken from the 
midline of the deposition chamber, where the [Ga]/([In]+[Ga]) ratio is most homogeneous 
across the samples.  The four pieces were processed according to Table 8. 
Table 8: Solution processing conditions of precursor layers used for impurity analysis. 
Sample Solution composition Temperature / °C ±3 Time / Minutes Rinse Comments 
1 Ethylene glycol 160°C 20 DI water  at ~95°C 
1M HCL at RT 
DI water 
Blank solution 
2 Ethylene glycol 
0.6M CuCl 
1M NaCl 
160°C 20 1M NaCl(aq) at ~95°C 
1M HCL at RT 
DI water 
 
3 Ethylene glycol 
0.6M CuCl 
1M KCl 
160°C 20 1M KCl(aq) at ~95°C 
1M HCL at RT 
DI water 
 
4 N/A N/A N/A N/A As deposited 
indium gallium 
selenide control 
7.6.2 Detection limits for EDX measurements 
EDX measurements were used throughout the development of the ion exchange precursor 
processing method.  In particular, EDX was used to measure the composition of selenized 
layers and thereby establish composition-time calibration curves for the ion exchange 
reaction.  EDX is typically cited as having a sensitivity and accuracy of around 1 at.% [204] 
and is able to detect Na, Cl and O, though not carbon.  However, its sensitivity and accuracy 
are a concern when dealing with such light elements.  No evidence for incorporation of these 
impurities was detected in the modified precursor layers or annealed samples by EDX at any 
point during the development of the ion exchange method presented here.  However, the NaK 
and CuL X-ray lines are close in energy value and while they should be clearly resolved it is 
possible that a small Na concentration could be swamped by the larger Cu peak.  To 
investigate this possibility, a mixed powder of CuCl and NaCl was analysed by EDX.  The 
powder was pressed into an adhesive graphite pad to facilitate the measurements.  As can be 
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seen from the SEM micrograph in Figure 50, the roughly cuboid NaCl crystals were much 
larger than the CuCl crystals.  It was therefore possible to make a series of EDX 
measurements of different [Na]/[Cu] ratios by adjusting the amount of NaCl within the X-ray 
analysis scan area.  The EDX spectra shown in Figure 50 indicate that the NaK peak is 
readily resolved by these measurements, as expected.  However, by the time the Na content is 
reduced to ~10at. % as calculated by the quantization algorithm, the accompanying 
uncertainty is unaffected whether it is set to quantise Cu, Na and Cl or just Cu and Cl.  This 
indicates that the quantization algorithm becomes unreliable at this stage.  Nevertheless a 
small NaK peak is still observed as a shoulder on the high energy side of the CuL peak that is 
not observed in a measurement of pure CuCl powder. 
Measurements of an indium gallium selenide precursor layer before (Sample 4) and after 
(Sample 2) Cu incorporation show no increase in the signal detected at the NaK peak position 
as a result of immersion in the chemical bath.  Due to the proximity of the GaL peak and the 
evident unreliability of the quantization algorithm it is difficult to establish an upper bound 
on potential Na incorporation during immersion in the ion exchange bath.  However, it is 
reasonable to assume that several at.% Na could be incorporated in a precursor layer without 
being evident in the EDX measurements.  Such a quantity is expected to have detrimental 
effects on solar cell performance, as will be discussed in Section 7.6.4.  Measurements of the 
sample processed using KCl are not shown since the potassium X-ray peaks overlap the In 
peaks. 
No evidence of Cl incorporation was observed from the EDX data.  Since there are no other 
peaks near to the Cl peak position this is taken to indicate an upper limit for Cl incorporation 
of 1-2 at.%. 
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Figure 50: Left) SEM micrograph of mixed CuCl and 6aCl powders.  The 6aCl powder is much coarser 
than the CuCl powder.  Right) EDX spectra of indium gallium selenide layers before and after Cu 
incorporation and of CuCl/6aCl powders. 
7.6.3 ToF-SIMS measurements of potential impurities 
EDX is not a trace analysis technique and so Time-of-Flight Secondary Ion Mass 
Spectrometry (Tof-SIMS) measurements were made to further investigate impurity 
incorporation during precursor processing.  For the ToF-SIMS measurements, Cs+ ions were 
used for sputtering the crater and Bi3
+ ions were used for analysis.  Both individual ion 
signals (i.e. 63Cu etc.) and the signals from clusters of the form (X + Cs) n+ were analysed, 
where X is any other element.  The measurements were made primarily to determine whether 
or not alkali was incorporated during ion exchange and so were only run in positive ion 
detection mode.  This limited the sensitivity of the measurements towards elements that form 
negative ions during sputtering, such as O, Cl and Se ions.  However, positive ion clusters of 
the form (X + Cs)n+ are expected to form and be detected in the presence of these elements.  
After sputtering, stylus profilometry was used to measure the semiconductor layer thickness 
and sputter crater depth and these two values were used to calibrate the depth profiles.  
Different, but uniform, sputter rates were assumed for the semiconductor and Mo back 
contact layers.  The actual sputter rate in the semiconductor layer is likely to vary with 
composition (i.e. Cu content), however it was not possible to correct for this and so the 
sputter depth scale should be considered approximate.  Finally, all data were normalised to 
the 133Cs+ signal to account for changes in the primary ion sources and sputter yield over the 
course of the measurement. 
The ToF-SIMS ion intensities as a function of depth for the Cu(In, Ga)Se2 matrix elements, 
alkali impurities and Mo back contact are shown in Figure 51.  No significant differences in 
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profile shape were observed between any of the individual ion and ion cluster signals for a 
given element and so the total signals are plotted to increase the signal to noise ratio.  The 
total signals are derived by summing all of the ion signals for a given element, for example 
the total Ga signal comprises 69Ga, 71Ga and 202(Ga + Cs). 
 
Figure 51: ToF-SIMS depth profiles of chalcopyrite matrix elements plus 6a, K and Mo in initial and 
modified precursor layers.  Markers are for identification only and do not indicate data points.  Sample 
numbers refer to Table 8. 
The signals measured for Samples 1 and 4, i.e. the sample processed in blank solution and the 
control, are in qualitative agreement with one another and with previous measurements on 
samples prepared in this manner.  The oscillation observed in the [In]/[(In+Ga)] ratio is 
explained by the source geometry as commented on in Chapter 5 (Figure 16).  There is some 
difference between the Na signals in the two samples, though the mean signal is very similar 
and so the difference is attributed to the higher noise recorded during measurement of Sample 
4. 
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The samples treated in Cu solutions (Samples 2 and 3) both show Cu signals peaking at the 
surface and decaying into the depth of the layer, as observed in the depth profiles presented in 
Chapter 5 (Figure 20).  In both cases the In and Ga signals decrease at the surface and tend 
towards their initial values deeper in the layer.  Cu ions are highly mobile and strongly 
susceptible to forward sputtering effects, therefore it is often difficult to establish where the 
true Cu signal ends and the signal due to forward-sputtered ions begins to dominate.  
However, the ratio [Ga]/([In]+[Ga]) provides some additional evidence in this case as it was 
shown in Chapter 5 that In participates in the exchange reaction more rapidly than Ga.  As a 
result the [Ga]/([In]+[Ga]) ratio will be increased in the presence of Cu.  Accordingly, it is 
seen that the exchange reaction appears to have progressed further for Sample 3 than for 
Sample 2, an observation that is in agreement with the EDX signals measured from these 
samples.  Both Samples 2 and 3 show strong enhancement of the signal corresponding to the 
alkali species used in the ion-exchange bath, indicating that these ions are incorporated from 
the bath.  The alkali signals begin to fall off at the same position as the Cu signal, however, 
they peak just before this region, rather than at the surface as is the case for the Cu signal. 
Figure 52 shows the ion intensities as a function of depth for the other impurities considered 
most likely to be incorporated into the precursor layers during solution processing, namely 
oxygen, chlorine and organics.  The total organic signal includes C, a range of C - H and (C + 
Cs).  This signal peaks at the sample surfaces due to contamination during air exposure.  
Through the bulk of the layers the oxygen and organics signals are comparable to the noise 
level on the measurements and remain unchanged across the IGS-Mo boundary.  This 
indicates that there is no oxygen or C contamination in the layer.  The (Cl + Cs) signal is also 
comparable to the noise level, however it increases in line with the Mo signal at the rear 
interface.  This is assigned to a mass overlap between (Cl + Cs) and (Mo + X), where the 
mass, m, of X is 68 ≤ m ≤ 76.  It remains unclear what ion or ion cluster this could be. 
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Figure 52: ToF-SIMS depth profiles of potential non-alkali impurities in initial and modified precursor 
layers.  Sample numbers refer to Table 8. 
7.6.4 Discussion of impurities in modified precursor layers 
The ToF-SIMS data presented above indicate that alkali atoms are incorporated into the 
modified precursor layers from the ion exchange baths.  Limited chemical and physical data 
on alkali selenide compounds are available and combined with the uncertainty in the phase 
composition of the indium gallium selenide precursors (as discussed in Chapter 5) this makes 
identification of the route by which alkali atoms are incorporated into the modified precursor 
layers difficult.  Two potential mechanisms may, however, be proposed.  Firstly, the alkali 
ions may diffuse into vacancies in the indium gallium selenide layers.  Such vacancies would 
be expected due to the disordered nature of the mixed phase layers and the defect-wurtzite 
structure of any γ-In2Se3 phases present.  However, this is considered unlikely as it would 
require that the ions be reduced at some point to avoid accumulation of a positive charge on 
the precursor layer.  Secondly, the alkali ions may participate in an ion exchange reaction in 
the same manner as the Cu ions.  Since the peak alkali concentration is observed to lie 
midway through the layer rather than at the surface the following three (unbalanced) 
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reactions are proposed to occur in parallel, with the latter happening more slowly than the 
former two: 
1. In-Ga-Se + Na+ → Na-Se + (In, Ga)3+ 
2. In-Ga-Se + Cu+ → Cu-Se + (In, Ga)3+ 
3. Na-Se + Cu+ → Cu-Se + Na+ 
Typically, PV devices processed from the ion-exchanged precursors have exhibited very low 
Voc and parallel resistance values.  Though their rough surface morphology may explain some 
of the loss in these values as compared to high efficiency devices, it is considered unlikely to 
account for all of it.  While quantization of Na incorporation was not possible with the 
measurements performed here, previous work has indicated that the supply of any extra Na 
above that which diffuses from soda lime glass is detrimental to cell quality [297, 298].  
Therefore, since alkali incorporation during ion exchange constitutes a supply of extra Na, it 
offers a potential explanation for the poor performance of the devices produced from ion 
exchanged precursors.  It has been suggested that excess Na in chalcopyrite layers can lead to 
NaInSe2 secondary phases as well as prevent the formation of the CuIn3Se5 surface phase that 
is considered desirable for heterojunction formation [56].  Measurements of cells produced 
with excess Na showed significant reductions in Voc [298, 299], consistent with devices 
processed from the precursors developed during this work.  The loss of Voc is reported as 
possibly due to the formation of a high density of deep trap states [273].  The higher open 
circuit voltages achieved with RTP processed absorbers might be at least partially explained 
by decreased Na content relative to tube furnace annealed layers due to the decreased 
duration of the annealing treatment. 
A complexant is required in the ion exchange bath to maintain its stability, as without a 
complexant the Cu+ ions will be rapidly oxidised.  However, it seems that the salt-based 
complexants used with the ethylene glycol ion exchange bath are unsuitable as they 
contaminate the precursor layers with alkali atoms that are introduced into the solution along 
with the desired chlorine.  Alternative complexants to chloride salts exist and it is possible 
that their use may lead to improvements in the quality of Cu(In, Ga)Se2 devices produced by 
this method.  Examples of such complexants include HCl and molecular ligands such as 
ethylene amines, which have been used in the preparation of sol-gel solutions for CuInS2 
deposition [192, 300]. 
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Since no complexant was used in the preparation of ion exchanged precursors in aqueous 
solution, alkali contamination should not have been a problem.  Indeed, despite being 
prepared Ga-free, the best of the devices prepared in aqueous solution exhibited open circuit 
voltages within 10mV of the best Ga-containing devices prepared in ethylene glycol solution 
(considering only tube-furnace annealed layers).  These devices also exhibited significantly 
lower diode ideality factors than their Ga-containing counterparts, consistent with the absence 
of alkali-related trap states.  That higher voltages were not achieved with aqueous ion 
exchange baths may be due to oxidation and dissolution of the back contact as a result of the 
Mo - Cu2+ displacement reaction that was observed to occur. 
7.7 Conclusions 
The experiments performed with the RTP furnace system highlighted several interesting 
results despite only preliminary sets of experiments being performed.  Most significant are 
the decrease in surface roughness of the Cu(In, Ga)Se2 layers and the increase in open circuit 
voltage and parallel resistance of Cu(In, Ga)Se2 devices incorporating these layers.  
Achieving these changes was the main motivation for applying RTP to the precursors and 
from this point of view it may be considered a success. 
CuInS2 thin films were successfully formed on glass substrates following Cu incorporation by 
ion exchange into non-vacuum deposited indium sulphide initial precursor layers.  It is clear 
from the poor morphology of the sprayed initial precursor layers and the delamination of the 
precursor layers on Mo/glass substrates that spray pyrolysis is not a good technique for the 
deposition of thick indium sulphide films.  The use of an alternative deposition method to 
spray pyrolysis, such as spin coating or doctor blade coating, would allow lower substrate 
temperatures to be used during deposition of the initial precursor layers.  This, combined with 
the change in solution deposition mechanism and chemistry might lead to initial precursor 
layers of higher uniformity and phase purity.  Given such superior quality initial precursors, 
there is no reason why all-non-vacuum deposited CuInS2 layers of a quality comparable to or 
better than the Cu(In, Ga)Se2 layers should not be produced. 
The other important progress made during the work presented in this Chapter came out of the 
impurity measurements made to understand the poor performance of absorbers processed 
from the ion exchanged precursors.  Despite only qualitative measurements being possible, it 
was shown that significant levels of alkali atoms are incorporated into the precursor layers 
from the ion exchange solution.  The reported effects of excess alkali doping in 
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Cu(In, Ga)Se2 are consistent with the problems characteristic of the devices processed from 
the ion-exchanged precursors developed here.  It is therefore concluded that changes to the 
ion exchange bath chemistry are required to make significant improvements to device 
efficiency by this approach. 
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8 Conclusions and suggestions for further research  
While Cu(In, Ga)Se2 is used as the absorber layer in the highest efficiency thin film solar 
cells produced to date, no process for Cu(In, Ga)(Se, S)2 deposition is yet to establish 
superiority in the market place.  The majority of Cu(In, Ga)(Se, S)2 deposition methods are 
currently based on vacuum techniques, however, their replacement with non-vacuum 
deposition methods has the potential to reduce costs. 
The most successful non-vacuum deposition methods for Cu(In, Ga)(Se, S)2 formation 
deposit a precursor layer that is converted into chalcopyrite material by a subsequent 
annealing treatment.  In this work, a new process step in the preparation of such precursor 
layers was developed that only requires simple, low cost equipment.  This process converts 
the upper portion of a Group III chalcogenide initial precursor layer into binary copper 
chalcogenide via an ion exchange reaction performed in solution.  Incorporation of Cu in this 
manner is attractive since evaporation of Cu requires temperatures in excess of 1250°C and is 
therefore technically challenging.  Additionally, this kind of exchange reaction occurs only at 
the precursor surface and not throughout the bulk of the solution.  Therefore, with appropriate 
solution formulation and in situ monitoring the ion exchange baths might be re-used 
extensively. 
The main limitation of the ion exchange method from a processing point of view is the lack 
of an end point detection technique.  For this work, if a layer of particular composition was 
required it was necessary to estimate the required processing time from past results.  A 
simple, in situ monitoring technique that could indicate layer composition would therefore 
greatly improve the reliability and accuracy of the ion exchange method of precursor layer 
preparation. 
The majority of Group III chalcogenide initial precursor layers used during this work were 
deposited by vacuum evaporation.  It is acknowledged that it would be better to use non-
vacuum initial precursor layers and to this end the deposition of indium sulphide layers by 
ultrasonic spray pyrolysis was investigated.  Despite problems encountered with the quality 
of the indium sulphide layers that could be deposited by spray pyrolysis, single phase CuInS2 
layers were successfully produced.  Further investigation into the optimum non-vacuum 
deposition method for Group III-VI initial precursor layers is required before solar cells can 
be produced from the all-non-vacuum deposited absorber layers. 
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The conversion of modified precursor layers into chalcopyrite layers suitable for use in solar 
cells was demonstrated for CuInSe2, Cu(In, Ga)Se2, Cu(In, Ga)(Se, S)2.  The best solar cells 
were processed from CuInSe2 and Cu(In, Ga)Se2 absorber layers and these exhibited energy 
conversion efficiencies of up to 4.5%.  While this is still low compared to the requirements of 
a commercial product, it is considered a promising sign of the potential of the new method 
developed here.  The best solar cells processed during this work were produced during the 
preliminary investigation of rapid thermal processing for the conversion of the precursor 
layers.  This process was not fully optimised and so further improvements can be expected 
through refinement of the annealing parameters, in particular to minimise the formation of 
molybdenum chalcogenide at the absorber/back contact interface.  Additionally, since only a 
low number of samples were processed, improvements in solar cell efficiency should be 
achieved by processing a statistically more significant number of devices and by optimisation 
of the front contacts applied to the cells. 
Solar cells incorporating absorbers prepared from the ion exchanged precursors consistently 
exhibited very low open circuit voltages and parallel resistances.  While these parameters 
were increased somewhat by the use of rapid thermal processing in place of tube furnace 
annealing, the low open circuit voltage values in particular remain the limiting factor of solar 
cell efficiency.  Limited analysis of the IV curves of these devices was performed and this 
consistently showed that the Cu(In, Ga)(Se, S)2 solar cells prepared from ion exchanged 
precursors exhibited very high ideality factors, consistent with high defect densities leading 
to tunnelling enhanced recombination.  Investigation of potential impurities in the modified 
precursor layers revealed that alkali atoms (Na or K) from the chloride salt used as a 
complexant in the ion exchange baths were incorporated into the precursor layers in parallel 
to Cu.  The presence of a low concentration of alkali atoms, in particular Na, has beneficial 
effects on the properties of Cu(In, Ga)(Se, S)2 absorber layers.  However, the presence of 
excess alkali is reported to have detrimental effects consistent with the problems observed 
with solar cells produced during this work.  Therefore, it is recommended that the first goal of 
any work to further develop the ion exchange method of precursor layer preparation should 
be focussed on the reformulation of the ion exchange bath chemistry.  A complexant is 
required in the ion exchange bath to prevent oxidation of the Cu ions, however ethylene 
amines may offer an alkali free alternative to the alkali chlorides used in this work. 
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